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It  was  found  that  there  is  significant  variability  in  physical  and  mechanical 
properties  of  marine  composites  among  different  manufacturers  resulting  in  inconsistent 
parameters  for  structural  analysis  and  design.  Experimental  variability  can  be  classified  in 
two  main  groups:  ! )  variability  from  experimental  preparation  and  testing  techniques  and 
2)  variability  from  the  material  constituents  and  manufacturing  process.  The  objective  of 
the  thesis  is  to  resolve  the  uncertainty  surrounding  mechanical  properties  obtained  from 
conventional  standard  testing  by  optimizing  the  testing  procedure  used  in  obtaining  the 
material  properties  of  marine  FRP  composites.  A  series  of  ASTM  standard  test 
procedures  for  each  material  property  (tensile,  compressive,  and  shear)  are  conducted 
using  a  3D  digital  image  correlation  system  for  measuring  full-field  strains.  Glass 
transition  temperature,  fiber  volume  fraction,  and  density  will  be  measured  using  ASTM 
standard  tests.  The  study  will  lead  to  drafting  material  testing  specifications  to  be  used  in 
obtaining  reliable  mechanical  and  physical  properties  for  FRP  composites  used  in 
structural  applications.  Finally,  the  testing  program  will  be  accompanied  with  a 


micromcchanics  analysis  that  will  be  used  to  characterize  the  FRP  properties  using  an 
array  of  techniques.  The  micromechanics  analysis  will  be  used  to  explain  the  results  of 
the  material  coupon  tests  and  characterize  the  variability  in  the  tests. 
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Chapter  1:  Introduction 


1.1,  Motivation  and  Objective 

Variability  in  material  properties  obtained  from  experimental  testing  has  three 
sources:  material  variability,  fabrication  variability,  and  testing  variability.  The  material 
variability  originates  from  the  constituents  of  the  material.  The  constituents  of  polymer 
matrix  composite  (PMC)  under  study  in  this  thesis  is  the  polymer  matrix  and  the 
reinforcing  woven  fabric.  The  material  variability  is  influenced  by  the  resin  type  that 
affects  the  matrix  properties;  and  is  influenced  by  the  variation  in  the  number  of  filaments 
per  tow,  fiber  areal  weight,  fiber  sizing,  and  tow  spacing  that  affects  the  woven  fabric 
properties. 

The  fabrication  variability  is  influenced  by  the  fabrication  method  (c.g,  hand  lay¬ 
up,  vacuum  assistant  resin  transfer  molding,  etc.),  repeatability  of  the  fabrication  method, 
resin  promotion  schedule,  cure  cycle,  consolidation  method  (c.g.  vacuum  or  pressure), 
thickness  variations  in  the  panel,  fiber  misalignment,  fiber  volume  content,  and  panel 
cutting. 

The  testing  variability  depends  on  (he  experimental  technique  adopted  from 
specimen  configuration  and  test  configuration.  The  testing  variability  is  also  influenced 
by  the  test  coupon  cutting  tool,  tabbing  procedure  -  if  needed,  strain  measurement 
system,  loading  frame  including  the  load  measuring  device  (i.c.  load  cell),  specimen 
alignment,  and  operator  expertise. 
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The  variability  calculated  in  the  experimental  results  is  a  combination  of  all  three 
sources.  The  equation  that  defines  the  relation  of  the  variance  of  the  experimental  results 
to  the  different  sources  of  variability  is  depicted  in  equation  (1.1). 


0  1) 


where: 

Var  =  variance  of  the  experimental  results 
VarM  =  material  variance 
VarF  =  fabrication  variance 
VarT  =  testing  variance 

The  standard  test  methods  used  to  calculate  the  material  properties  of  polymer 
matrix  composites  (PMCs)  were  originally  designed  for  unidirectional  laminates,  cross 
ply  laminates,  and  relatively  light  fabrics.  These  conventional  standards  exhibit 
significant  variability  in  the  experimental  results  when  used  to  test  marine  grade 
composites;  which  arc  composed  of  a  matrix  of  rubberized  elastomer-modified  vinyl 
ester  resin  and  are  reinforced  with  heavy  tow  woven  fabric.  The  objective  this  thesis  is 
characterizing  the  testing  variability  of  the  material  properties  caused  by  the  adopted 
experimental  methods. 

The  objective  of  the  thesis  was  achieved  by  optimizing  the  testing  procedures 
used  for  obtaining  mechanical  properties:  tension,  compression,  and  shear.  This  objective 
was  achieved  by  using  a  3D-Digital  Image  Correlation  system  for  measuring  full-field 
strains  and  displacements.  Two  standard  testing  methods  were  used  for  calculating  each 
material  property.  The  advantages  and  disadvantages  of  each  test  were  used  to 
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recommend  modifications  in  the  testing  procedure,  thus  helping  reduce  the  testing 
variability  of  marine  grade  composites.  In  addition,  the  physical  properties  of  the  material 
were  calculated  in  accordance  with  standard  methods;  the  physical  properties 
accompanied  the  mechanical  properties,  thereby  supporting  the  modifications  suggested 
by  the  recommendations. 

The  fiber  dominated  material  properties  were  normalized  to  a  nominal  thickness 
and  used  to  obtain  the  design  allowables.  Once  the  material  properties  were  normalized, 
properties  that  are  the  same  but  arc  obtained  from  different  test  methods  and  from 
different  panel  batches  were  compared  using  a  statistical  tool  to  signify  their  difference. 

In  addition,  the  experimental  results  were  evaluated  by  comparing  these  values  to  a 
micronicchanics  model  based  on  the  classical  lamination  theory.  A  building  block 
approach  was  followed  where  the  lamina  material  properties  were  obtained  from  PMC 
specimens  reinforced  with  8  layers  of  woven  fabric  with  the  warp  direction  aligned  with 
the  laminate  principal  axis  (x-axis).  These  PMC  specimens  are  referred  to  as  “warps 
parallel”  and  are  identified  with  the  fiber  lay-up  sequence:  [0]4»r,  where  the  subscript  f 
refers  to  woven  fabric.  Therefore,  the  basic  composite  lamina  is  reinforced  in  both  warp 
and  till  directions.  Then,  multidirectional  laminate  properties  were  predicted  using  the 
model  and  correlated  with  experimental  results.  In  addition  to  [0]4Sf  the  multidirectional 
laminate  fiber  lay-up  sequences  studied  were:  [0/90]m  referred  to  as  “warps  alternating” 
and  [0/±45/0]Sf  referred  to  as  “pseudo-quasi  isotropic”.  The  angle  in  the  laminate  lay-up 
sequence  identifies  the  warp  direction  of  each  woven  reinforced  layer. 

A  combined  experimental  and  numerical  evaluation  of  the  conventional  testing 
standard  methods  brought  about  recommendations  that  helped  achieve  the  thesis’s 
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objective  in  reducing  the  variability  of  the  experimental  values  caused  by  testing 
techniques  and  experimental  preparation,  testing  variability. 

1.2.  Panel  Fabrication 

Panels  from  a  commercial  manufacturer,  Seememn  Composites  Inc .,  were  obtained 
for  the  testing  program.  The  panels  were  manufactured  using  vacuum  assistant  resin 
transfer  molding  process  (VARTM)  with  the  proprietary  Sccmann  technology,  known  as 
Sccmann  composite  resin  infusion  molding  process  (SCRIMP).  The  resin  used  was  Dow 
Dcrckane  8084  (now  Ashland  Derekanc  8084  (Ashland,  2004))  and  the  fabric  used  was 
woven  with  Saint  Gobain  Vetrotex  324  style  (http://www.sgva.com/).  Three  different 
fiber  lay-ups  were  adopted:  warps  parallel,  warps  alternating,  and  pseudo-quasi-isotropic. 
Three  different  thicknesses  were  manufactured  for  each  fiber  lay-up:  25.4  mm  ( !  in)  and 
12.7  mm  (0.5  in)  used  for  structural  testing,  and  5.08  mm  (0.2  in)  witness  panels  used  for 
coupon  testing. 

1.2.1.  Fabrication  Process 

The  VARTM/SCRIMP  is  the  fabrication  process  used  to  fabricate  the  panels.  The 
VARTM  process  uses  vacuum  to  assist  the  resin  to  wet  out  the  fabric.  The  fabric  is  laid 
on  the  mold  and  is  enclosed  with  a  bagging  system.  The  bagging  system  is  sealed  around 
the  fabric  and  vacuum  is  pulled  through  the  bagging  system.  The  resin  then  flows  through 
the  fabric  due  to  pressure  difference  suction  effect  caused  by  the  vacuum. 

As  for  the  SCRIMP  technology,  a  flow  media  is  utilized  to  assist  the  resin  flow 
through  the  fabric.  The  flow  media  can  be  any  kind  of  media  that  helps  the  resin  flow 
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through  the  fabric  and  is  not  part  of  the  fabric.  In  our  case  the  flow  media  was  removed 
after  infusion  of  the  part. 

1.2.2.  Fabric  Reinforcement  and  Polymer  Matrix 

Marine  grade  composites  are  typically  fabricated  with  heavy  woven  fabric 
reinforcement  and  toughened  polymer  matrices  compatible  with  the  VARTM/SCRIMP 
fabrication  process  of  large  structural  parts  with  ambient  temperature  curing.  These  PMC 
composites  exhibit  enhanced  durability  in  the  marine  environment  and  impact  resistance 
in  addition  to  resistance  against  seawater. 

The  liber  reinforcement  selected  for  this  study  was  woven  fabric  with  an  areal 
weight  of  8 1 7. 1 3  g/rrf  (24. 1  oz/yd2)  supplied  by  Saint  Gobain.  The  style  of  the  weave 
was  Vetrotex  324  as  defined  by  the  supplier.  The  fabric  was  woven  from  heavy  weight  E- 
glass  strand  rovings  and  was  characterized  by  having  55%  of  its  weight  in  the  warp 
direction  and  45%  in  the  fill  direction.  Therefore,  the  fabric  had  a  tow  spacing  of  5. !  mm 
(5  tows  per  inch)  in  the  warp  direction  and  6.35  mm  (4  tows  per  inch)  in  the  fill  direction. 
Then,  one  basic  lamina  has  fiber  reinforcement  in  both  the  warp  and  fill  directions. 

The  polymer  matrix  selected  was  an  elastomer-modified  epoxy  vinyl  ester  resin 
supplied  by  Dcrakane.  The  modified  epoxy  vinyl  ester  resin  was  characterized  by  its 
ductility  and  ability  to  resist  impact. 

1.2.3.  Laminate  Lay-up 

Three  laminate  lay-up  sequences  were  adopted:  warps  parallel,  warps  alternating, 
and  pscudo-quasi-isotropic.  As  explained  in  a  previous  section,  the  angle  formed  by  the 
warp  direction  in  a  layer  with  respect  to  the  laminate  principal  axis  (x-axis)  defines  the 
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layer  orientation.  For  the  warps  parallel  lay-up,  each  layer  of  fabric  was  laid  in  such  a 
way  that  the  fabric  warps  were  all  coincident  with  the  x-axis.  The  nomenclature  of  this 
lay-up  is  [0]n3f,  where  “[0]”  indicates  the  orientation  of  each  layer’s  warp  direction,  “n” 
stands  for  the  number  of  fabric  layers,  “s”  indicates  the  symmetry  of  the  lay-up  about  the 
mid  plane  of  the  panel,  and  “f  ’  designates  that  each  layer  is  reinforced  with  a  woven 
fabric.  The  warps  alternating  lay-up  was  made  with  the  warps  of  each  layer  alternating 
between  zero  and  ninety  degrees  from  the  x-axis,  yet  keeping  symmetry  about  the  panel 
mid  plane.  Starting  with  zero  degrees  orientation  and  ending  with  ninety  degrees 
orientation  at  the  plane  of  symmetry.  The  nomenclature  of  the  this  lay-up  is  [0/90]nsf, 
where  “[0/90]”  corresponds  to  a  set  of  two  layers  with  alternating  warp  directions  and  “n” 
stands  lor  the  number  of  sets.  The  pseudo-quasi-isotropic  lay-up  was  made  with  layers 
oriented  at  zero  degrees,  ninety  degrees,  and  plus-minus  forty  five  degrees  orientations. 
The  nomenclature  of  this  lay-up  is,  [0/±45/0]nsf-,  where  “[0/±45/0]”  corresponds  to  a  set  of 
four  layers  with  different  warp  directions  and  “n”  stands  for  the  number  of  sets. 

1.2.4.  Structural  and  Witness  Panels 

Two  different  batches  were  used  to  manufacture  the  panels.  The  first  batch  was 
used  to  infuse  a  25.4  mm  (1  in)  thick  panel  and  simultaneously  infuse  a  5.08  mm  (0,2  in) 
thick  panel,  which  acted  as  a  witness  panel  for  the  25.4  mm  (1  in)  thick  panel.  Similarly, 
the  second  batch  was  used  to  infuse  a  12.7  mm  (0.5  in)  thick  panel  and  simultaneously 
infuse  a  5.08  mm  (0.2  in)  thick  panel  which  acted  as  a  witness  panel  for  the  12.7  mm  (0.5 
in)  thick  panel.  The  different  categories  and  the  lay-up  in  each  category  with  its  estimated 
thickness  based  on  the  rule  of  thumb  (1  oz/yd:  -^0.001  inches)  arc  described  in  Table  1 . 1 
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Table  1.1:  Panel  Categories  and  Fiber  Lay-up  Architecture 


25,4  mm  Structural  Panel 

12.7  mm  Structural  Panel 

5.08  mm  Witness  Panel 

Fiber  lay¬ 
up 

[0W 

[0/90]  l0jf 

[0/±45/0]s,f 

[0]lOsf 

[0/90]s,f 

[0/±45/0]M 

[0W 

[0/90]:if 

[0/±45/0],f 

#  of  woven 
layers 

40 

40 

40 

20 

20 

16 

8 

8 

8 

Estimated 
thickness* 
mm  (in) 

24.49 

(0.964) 

24.49 

(0.964) 

24.49 

(0.964) 

10.87 

(0428) 

10.87 

(0.428) 

9.80 

(0386) 

4.90 

(0.193) 

4.90 

(0.193) 

4.90 

(0.193) 

(*)  Based  on  Rule  of  Thumb:  1  oz/ydJ  ->0.001  inches 


Note  that  the  number  of  layers  of  the  [0/±45/0]sf  in  the  12.7  mm  category  is 
sixteen  while  there  are  twenty  layers  in  the  other  lay-ups  in  the  same  category.  This  was 
required  in  order  to  keep  symmetry  about  the  mid  plane  of  the  panel  and  keep  the  same 
lay-up  sequence  similar  to  the  other  categories. 

1.3.  Mechanical  Properties 

The  mechanical  properties  of  the  marine  grade  composite  were  obtained  by 
conducting  a  series  of  standardized  tests.  A  pair  of  test  methods  was  selected  for  each 
material  property,  according  to  recommendations  cited  in  the  literature.  The  strain 
measurement  tool  employed  in  the  study  was  not  a  conventional  tool  recommended  in  the 
standards,  but  rather  an  innovative  non-contact  full-field  strain  measuring  technique,  3D 
digital  image  correlation  system  was  chosen.  The  results  of  each  materia!  property  test 
were  compared  and  evaluated  to  form  recommendations  on  enhancing  the  testing 
techniques  and  reduce  material  property  variabilities  originating  from  the  conventional 
testing  methods. 
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1.3.1.  Strain  Measurement  Using  3-D  Digital  Image  Correlation  System 

The  strain  measurement  technique  implemented  in  the  testing  program  of  the 
panels  under  study  was  3-D  Digital  Image  Correlation  (DIC)  system.  The  3-D  DIC 
system  has  the  capability  of  measuring  non-contact  full-field  strains  and  displacements  of 
specimens  under  testing.  The  digital  image  correlation  system  determines  the 
displacement  and  deformation  of  selected  points  of  a  mesh  on  the  surface  of  the  specimen 
under  testing.  The  mesh  is  applied  to  the  surface  of  the  specimen  prior  to  testing.  The 
displacement  and  deformation  of  the  points  are  determined  by  comparing  successive 
digital  images  captured  by  the  DIC  system  during  the  specimen  loading  and  these  images 
arc  correlated.  Two  cameras  arc  used  to  cross  correlate  the  distances  and  obtain  out  of 
plane  displacements.  The  specimen  surface  mesh  is  recognized  by  the  system  as  a 
variable  gray  intensity  pattern.  Chapter  2  describes  the  parameters  that  control  the 
accuracy  and  precision  of  the  system  and  discusses  the  advantages  of  capturing  full-field 
strains  and  displacements  in  composite  testing  and  pinpointing  sources  of  variability  in 
experimental  results. 

1.3.2.  Tension,  Compression,  and  Shear  Properties 

Two  tension  test  methods  were  selected  for  characterizing  the  polymer  matrix 
composites  (PMC)  with  woven  fabric  reinforcement.  The  first  test  method  was  in 
accordance  with  ASTM  D3039  and  is  under  the  jurisdiction  of  ASTM  committee  D30  on 
composite  materials  (ASTM  D3039/D3039M,  2000);  while  the  second  test  method  was 
in  accordance  with  ASTM  D638  and  is  under  the  jurisdiction  of  ASTM  committee  D20 
on  plastics  (ASTM  D638,  2002).  The  ASTM  D3039  tensile  specimen  was  rectangular 
and  contained  tabbed  grip  ends,  and  the  ASTM  D638  specimen  was  dumbbell  shaped 
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with  no  tabs.  Chapter  3  describes  the  procedures  adopted  in  preparing  the  specimens, 
conducting  the  tests,  and  calculating  the  in-planc  tensile  properties.  In  addition,  Chapter  3 
discusses  the  results  of  the  two  test  methods  and  recommends  a  modified  tension  test  that 
includes  the  advantages  of  the  two  specimen  configurations  tested. 

Two  test  methods  were  selected  for  characterization  of  the  polymer  matrix 
composites  (PMC)  with  woven  fabric  reinforcement  in  compression.  The  first  test 
method  was  in  accordance  to  ASTM  D6641  and  is  under  the  jurisdiction  of  committee 
D30  on  composite  materials;  while  the  second  test  method  selected  was  in  accordance  to 
the  Suppliers  of  Advanced  Composite  Materials  Association  (SACMA)  SRM  I R 
recommended  test  method  (SACMA  SRM  1R-94,  1994).  The  method  was  derived  from 
ASTM  D695  which  is  under  the  jurisdiction  of  committee  D20  on  plastics  (ASTM  D695, 
1996).  The  ASTM  D664I  test  specimen  was  rectangular  and  un-tabbed  with  a  larger  gage 
section  compared  to  the  SACMA  SRM  1 R  test  specimen  that  was  rectangular  and  tabbed. 
Chapter  4  illustrates  the  process  conducted  to  prepare  and  test  the  specimen.  In  addition, 
the  chapter  describes  how  the  stress-strain  curve  attained  from  the  tests  was  modeled  with 
a  bi-linear  curve.  In  Chapter  4  the  advantages  and  disadvantages  of  each  test  are 
discussed  and  the  recommendations  on  modifying  the  ASTM  D6641  specimen 
configuration  arc  put  into  practice  and  its  results  discussed. 

Shear  properties  of  polymer  matrix  composite  (PMC)  reinforced  with  woven 
fabric  were  calculated  using  two  ASTM  standard  tests.  The  two  tests  selected  were  in 
accordance  with  ASTM  standard  test  methods.  The  first  was  in  accordance  with  ASTM 
D4255  which  is  under  the  jurisdiction  of  ASTM  committee  D30  on  composite  materials 
(ASTM  D4255/D4255M,  2002).  The  ASTM  D4255  test  method  utilizes  a  three-rail 
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fixture  and  produces  a  pure  shear  region  in  the  corresponding  specimen,  The  second  test 
method  was  in  accordance  with  ASTM  D5379  which  is  also  under  the  jurisdiction  of 
ASTM  committee  D30  on  composite  materials  (ASTM  D5379/D5379M,  1999).  The 
ASTM  D5379  test  method  applies  load  to  a  v-notchcd  specimen,  which  is  significantly 
smaller  in  size  than  the  three-rail  shear  specimen;  the  test  method  utilizes  a  fixture 
commonly  know  as  the  Iosipcscu  shear  fixture.  The  method  of  calculating  the  in-plane 
shear  properties  is  described  in  Chapter  5.  The  approach  of  detecting  the  failure  in  the 
shear  specimen  is  discussed  and  explained.  The  advantages  and  disadvantages  of  both 
test  methods  are  addressed  and  the  three-rail  shear  test  is  recommended  over  the  v-notch 
shear  test. 

The  material  properties  obtained  from  the  tests  arc  summarized  in  Table  1 .2  along 
with  the  test  conducted  and  the  corresponding  standard  method  followed. 


Table  1 .2:  Material  Properties  Obtained  from  Standard  Test  Methods 


Test 

Coupon 

Standards 

Properties 

Tension 

(composites) 

Tabbed 

Rectangular 

ASTM  D3039 

El,  E2,  V)2, 

Fn,  F2t, 

Tension 

(plastics) 

Dumbbell 

ASTM  D638 

Ei,  E2,  V|2, 

Fn,  F2i, 

Compression 

(composites) 

Rectangular 

ASTM  D664I 

En  E2,  V13  (V12), 

F ic,  F2c, 

Compression 

(plastics) 

Tabbed 

Rectangular 

SACMA  SRM  1R 
(ASTM  D695) 

Ei,  E2,  vi 3, 

F]C,  F2c, 

Shear 

(large  -  composites) 

Three-Rail 

ASTM  D6641 

0)2,  Fg 

Shear 

(small  -  composites) 

V-Notchcd 

ASTM  D5379 

G12,  Fg 
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1.4.  Physical  Properties 


As  part  of  characterizing  the  PMC  mechanical  property  variabilities  originating 
from  the  test  methods  used,  the  physical  properties  were  calculated.  Three  physical 
properties  were  obtained  for  the  panels  under  study:  density,  fiber  volume  fraction,  and 
glass  transition  temperature.  The  density  test  method  was  in  accordance  with  ASTM 
D792  which  describes  the  method  of  determining  plastics  density  by  water  displacement 
(ASTM  D792,  2000).  The  fiber  volume  fraction  property  was  calculated  through  the 
burn-out  test  method  which  was  in  accordance  with  ASTM  D  2584.  The  latter  test 
method  describes  the  procedure  of  determining  ignition  loss  which  is  considered  to  be  the 
PMC  resin  content  (ASTM  D2584,  2002).  The  thickness  of  one  of  the  panels  was 
measured  and  a  surface  plot  of  the  thickness  variation  across  the  panel  is  presented.  The 
thickness  variation  plot  depicted  that  the  measured  density  and  the  fiber  volume  content 
were  dependent  on  the  specimen  location  extracted  from  the  panel.  The  glass  transition 
temperature  of  the  PMC  was  measured  by  following  the  test  method  in  accordance  with 
ASTM  WK278  which  utilized  the  dynamic  mechanical  analysis  (DMA)  method  (  ASTM 
WK278,  2003).  The  physical  properties  test  procedures  conducted  arc  presented  in 
Chapter  6  and  the  experimental  results  arc  discussed  and  correlated. 

1.5.  Evaluation  of  the  Experimental  Results 

Once  the  material  and  physical  properties  were  determined,  a  numerical  technique 
was  used  to  evaluate  the  experimental  results.  The  criterion  for  selecting  the  appropriate 
material  properties  for  design  purposes  and  comparison  is  stated  in  Chapter  7.  The 
selected  results  arc  then  normalized  to  a  nominal  thickness  value.  The  method  behind  the 
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normalization  and  the  selection  of  the  nominal  value  is  also  discussed.  The  normalized 


results  are  then  presented  and  the  different  issues  relating  to  the  inability  to  normalize 
some  material  properties  arc  discussed.  Since  more  than  one  test  was  conducted  to  obtain 
the  same  material  property,  a  statistical  tool  was  used  to  compare  the  normalized  results 
from  different  test  methods.  The  statistical  tool  indicated  if  the  results  were  significantly 
the  same,  come  from  the  same  population,  or  significantly  different.  A  similar  method 
was  used  to  compare  similar  material  properties  obtained  from  different  batches.  Using 
the  normalized  material  properties,  design  allowable  values  were  derived  using  the 
sample  population  standard  deviation  and  its  distribution  about  the  mean.  The  calculation 
of  both  A-  and  B-basis  allowables  is  discussed  and  the  “knock-down”  factor  for  each 
material  property  is  presented.  As  part  of  utilizing  the  properties  obtained  from  the 
coupon  testing  program,  a  model  based  on  the  classical  lamination  theory  (CLT)  was 
used  to  estimate  material  property  values  for  different  fiber  lay-ups:  [0/90]2Sf  and 
[0/±45/0]sf;  and  the  estimated  values  were  compared  to  the  experimental  values.  The 
model  was  implemented  through  a  computer  model  starting  with  lamina  material 
properties  obtained  from  the  experimental  results  conducted  on  the  [0]4sf  fiber  lay-up 
panel.  The  association  between  the  experimental  results  and  the  CLT  based  model 
calculated  values  is  stated  and  discussed  in  Chapter  7. 
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Chapter  2:  Strain  Measurement  Using  3D  -  Digital  Image 
Correlation  System 


2.1.  Introduction 

A  3D-Digital  Image  Correlation  (DIC)  strain  measurement  system  was 
implemented  in  an  experimental  program  for  characterizing  polymer  matrix  composites 
(PMC)  with  woven-fabric  reinforcement.  The  3D-DIC  system  has  the  capability  of 
measuring  non-contact  full  field  strains  and  displacements  of  specimens  under  testing. 
The  test  setup  used  to  conduct  the  experiment  using  the  3D- DIC  system  is  presented 
including  specimen  preparation  and  system  calibration.  The  parameters  of  the  system 
used  to  measure  strain  and  the  technique  of  strain  measurement  by  the  DIC  system  is 
explained.  In  addition,  the  precision  and  accuracy  of  the  system  is  discussed  and 
referenced  to  a  study  comparing  conventional  measuring  techniques  to  DIC  system  strain 
measurement. 

The  experimental  program  outcome  is  presented  and  emphasis  on  the  3D-DIC 
strain  measurement  technique  is  discussed.  Lessons  learned  from  applying  the  technology 
in  the  testing  program  are  discussed  and  recommendations  arc  stated  for  adopting  the 
methodology  in  support  of  composite  material  mechanical  property  measurement. 

2.2.  Background 

Conventional  measurement  instruments  used  in  composite  material  testing  arc 
surface  bonded  strain  gages,  extensometer,  and  linear  variable  differential  transducers 
(LVDTs).  Usually  the  conventional  tools  provide  one  measurement  at  a  time,  cither  strain 
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or  displacement.  Typical  problems  accompany  the  use  of  conventional  measurement 
devices  include:  l)  adequate  bonding  of  strain  gages  so  they  do  not  dc-bond  during  the 
loading  of  the  specimen;  2)  proper  alignment  of  the  strain  gages  with  the  fibers;  3)  strain 
gages  have  to  accommodate  for  transverse  sensitivity  of  the  material  of  the  gage;  4)  the 
extensometers  have  to  be  removed  from  the  specimen  before  failure  to  avoid  damage  to 
the  instrument;  5)  the  measurement  capacity  of  LVDTs  is  limited  to  linear  displacement; 
6)  all  of  the  conventional  measurements  require  surface  contact  with  the  specimen  and 
the  measurements  are  limited  to  a  single  spot  or  an  average  over  the  instrument  span. 

A  three-dimensional  digital  image  correlation  (DIC)  photogrammetry  system  is 
capable  of  non-contact  full-field  measurements  of  strains  and  displacements.  The  DIC 
technology  was  developed  in  the  1980’s  and  was  used  to  measure  deformation  and  strains 
under  various  loading  regimes  (Ranson,  Sutton  et  al.,  1987;  Bruck,  McNeill  ct  al.,  1989). 
The  technology  has  been  applied  to  determine  strains  in  solid  wood,  individual  wood 
fibers  and  papers  (Mott,  Shalcr  ct  al.,  1996;  Muszynski,  R.  Lagana  et  al..  2002),  resin 
films  (Muszyfiski,  Wang  ct  al.,  2002),  fiber  reinforced  polymer  composites  (Muszynski, 
Lopcz-Anido  ct  al.,  2000;  Melrose,  Lopcz-Anido  et  al.,  2004)  and  concrete  (Choi  and 
Shah,  1997). 

Recently  a  study  on  fracture  mechanics  has  been  done  using  the  DIC  system.  The 
system  was  used  to  track  the  crack  propagation  length  and  the  crack  opening 
displacement  between  a  wood  plastic  composite  and  fiber  reinforced  polymer  (Souza, 
2005).  In  addition,  the  DIC  system  was  used  to  characterize  the  creep  properties  of  wood 
plastic  composites  (Dura,  2005). 
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The  digital  image  correlation  system  determines  the  displacements  of  selected 
reference  points  of  the  mesh  on  the  surface  of  the  specimen  under  testing  by  comparing 
and  correlating  successive  images  taken  during  the  loading  of  the  specimens.  The 
reference  points  on  the  surface  of  the  specimen  are  recognized  by  the  system  as  variable 
gray  intensity  pattern  in  their  direct  neighborhood.  In-plane  strain  values  arc  obtained 
based  on  a  triangular  or  rectangular  network  of  points  (Muszyfiski,  Lopez-Anido  et  al„ 
2000).  Two  cameras  arc  used  to  cross  correlate  the  distances  and  obtain  out  of  plane 
displacements.  The  two  cameras,  arranged  in  front  of  the  specimen  at  an  angle  and 
calibrated,  can  provide  stereoscopic  information  of  the  specimen  surface.  The  DIC 
technology  is  provided  by  the  ARAMIS  system  by  GOM,  MbH,  and  has  been 
successfully  applied  to  a  wide  range  of  experimental  problems  (Schmidt,  Tyson  et  a!., 
2002;  Schmidt,  Tyson  et  al.,  2002). 

2.3.  Composite  Specimen  Preparation 

The  only  specimen  preparation  needed  for  the  strain  measurement  was  applying  a 
random  black  and  white  speckle  pattern  to  the  face  of  the  specimen.  The  specimen 
surface  was  first  cleaned  with  a  degreaser  to  remove  any  residue  of  mold  release  agent 
remaining  from  the  manufacturing  of  the  panels.  The  specimen  surface  facing  the 
cameras  during  the  test  was  sprayed  with  a  white  background  as  the  base  color.  After  the 
base  color  dried,  a  black  speckle  pattern  was  sprayed  over  the  white  background.  The 
speckle  pattern  was  a  random  pattern  covering  50%  of  the  background.  This  type  of 
specimen  preparation  produces  a  speckle  pattern  that  the  DIC  cameras  recognized  and 
established  a  unique  mesh  of  gray  intensity  neighboring  unique  other  meshes.  The 
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randomness  of  the  speckle  pattern  rendered  each  mesh  and  its  location  on  the  specimen 
surface  unique. 

2.4.  Experimental  Test  Setup 

The  cameras  of  the  DIC  system  were  placed  in  front  of  the  specimen  when  testing 
the  specimen.  Two  cameras  were  used  to  measure  out  of  plane  displacement  and  monitor 
the  specimen  for  bending,  twisting,  or  buckling.  The  cameras  were  placed  at  the  same 
distance  away  from  the  specimen  such  that  the  frame  of  the  cameras  included  the 
specimen’s  region  of  interest  (ROI)  which  was  usually  the  gage  section  of  the  specimen. 
The  cameras  were  facing  the  specimen  at  an  angle  of  25°  or  30°  which  was  specified  by 
the  manual  of  the  system.  A  typical  setup  for  testing  a  shear  specimen  using  the  DIC 
system  as  strain  measurement  device  is  depicted  in  Figure  2.1. 
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Figure  2.1 :  3D-  DIC  System  Set  Up  for  Testing  a  Shear  Specimen 


The  system  needed  calibration  for  every  test  setup.  Once  the  cameras  were 
calibrated,  the  system  was  able  to  recognize  a  pattern  and  track  its  changes  in  a  volume  in 
space  defined  as  the  calibration  volume  of  cubic  shape.  Uniform  lighting  was  used  to 
illuminate  the  specimen  surface  and  remove  shadows  from  the  surrounding  environment. 

During  the  experiment,  the  system  was  capturing  pictures  at  a  frequency  1  hertz 
was  selected.  The  frequency  specified  the  number  of  data  points  obtained  from  the  test. 
The  frequency  was  a  compromise  between  the  number  of  data  points  and  computation 
time  needed.  The  computation  time  was  the  time  needed  for  the  system,  after  the  test  has 
been  conducted,  to  correlate  the  pictures  and  yield  t  he  full-field  strain  of  the  specimen 
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surface  during  testing.  The  computation  was  done  separately  so  that  this  process  did  not 
delay  the  testing. 

2.5.  Full-Field  Strain  Recognition 

As  mentioned  earlier,  the  DIC  system  recognized  displacements  of  a  mesh  of 
reference  patterns  on  the  surface  of  the  specimen.  The  system  recognizes  a  set  of  pixels  in 
a  square  neighborhood  or  a  facet.  The  facet  size  can  be  set  by  the  user  in  reference  to  the 
number  of  pixels  that  define  the  edge  of  the  square,  as  seen  in  Figure  2.2.  The  facet  size 
used  in  the  study  was  15  pixels. 


Figure  2.2:  Single  Facet  or  Pixel  Neighborhood 


In  addition,  the  distance  between  two  facets  is  defined  as  the  facet  step,  similarly, 
defined  by  the  number  of  pixels,  as  seen  in  Figure  2.3.  For  this  study,  the  facet  step  was 
taken  to  be  13  pixels. 
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Figure  2.3:  Facet  Step 


2.5.1.  Strain  Computation 

During  the  test  process,  the  DIC  system  snapped  images  at  a  frequency  of  l  Hz. 
For  every  snap,  the  DIC  system  captured  a  pair  of  images,  one  from  the  left  camera  and 
one  from  the  right  camera,  which  represented  a  stage  of  loading.  Once  the  test  was 
completed,  the  strain  computation  was  initiated  by  comparing  each  stage  image  to  the 
reference  image  which  was  usually  one  taken  at  the  start  of  the  test.  The  comparison  was 
done  by  taking  each  facet  from  the  image  and  comparing  it  to  the  same  facet  in  the 
reference  image  and  calculating  the  strains  of  each  facet  by  measuring  the  relative  change 
in  position  of  its  8  neighboring  facets,  for  a  computation  base  of  3.  A  schematic  in  Figure 
2.4  shows  the  position  change  in  a  facet,  center  dot,  and  its  8  neighboring  facets  for  a 
computation  base  of  3.  The  strains  computed  represented  the  deformation  of  each  facet  in 
the  x -direction,  ex,  in  the  y-dircction,  ey,  and  in-plane  shear,  yxy.  In  addition,  the 
displacement  vectors  were  calculated  by  the  amount  of  displacement  each  facet  has 
moved.  The  system  had  the  capability  of  transforming  the  computed  strains  to  any 
orthogonal  coordinate  system.  This  transformation  accounted  for  any  misalignment  of  the 
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cameras  parallel  (or  perpendicular)  to  the  line  of  loading  on  the  specimen.  Compared  to 
strain  gages,  the  D1C  transformation  enabled  the  operator  to  reduce  errors  produced  by 
bonding  the  strain  gage  at  an  angle  with  the  line  of  loading  on  the  specimen. 


Figure  2.4:  Calculation  Base  Size  3 


Once  the  strain  was  computed,  full  field  strains  were  generated  for  each  stage 
during  the  loading  of  the  specimen.  For  the  study  presented  here,  an  area  of  the  full  field 
strain  was  selected  in  the  gage  section  and  the  average  of  the  strain  from  each  stage  was 
exported  to  build  the  stress-strain  curve  and  obtain  the  clastic  properties  of  the  material. 

2.5.2.  DIC  Parameters 

The  facet  size,  facet  step,  and  computation  base  was  controlled  by  the  operator. 
Each  parameter  affected  the  computation  results  and  computation  time  differently. 
Increasing  the  facet  size  improved  the  precision  of  point  recognition  (or  determination  of 
an  individual  facet  displacement)  without  affecting  the  sensitivity  of  local  strain 
variations.  This  was  done  at  the  expense  of  the  calculation  time;  a  typical  increase  in  the 
facet  size  is  shown  in  Figure  2.5. 
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single  facet  (or  pixel  neighborhood) 

Facet  size:  3x3  Facet  size:  7x7 

Figure  2.5:  Increase  in  Facet  Size 

The  precision  and  local  accuracy  of  the  calculated  strains  was  improved  by 
increasing  the  facet  step  at  the  expense  of  losing  the  sensitivity  of  local  strain  variations 
but  with  a  reduction  in  the  calculation  time.  An  increase  in  the  facet  step  is  shown  in 
Figure  2.6. 
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Figure  2.6:  Increase  in  Facet  Step 


Similarly,  the  precision  and  local  accuracy  of  the  strains  was  improved  by 
increasing  the  calculation  base.  On  the  other  hand,  this  was  done  at  the  expense  of  the 
calculation  time  and  the  sensitivity  to  local  strain  variation,  An  increase  in  the  calculation 
base  is  shown  in  Figure  2.7. 
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Figure  2.7:  Increase  in  Computation  Base 


The  improvement  in  the  accuracy  noticed  in  changing  the  DIC  parameters  was 
only  local  and  did  not  seem  to  improve  the  global  accuracy.  In  addition,  the  local  strain 
variation  in  the  full  field  strain  revealed  the  strain  concentrations  due  to  the  fabric 
architecture  adopted  in  the  composite.  This  was  seen  in  the  composite  under  study  as 
wavy  strain  concentration  due  to  the  fabric  with  heavy  tows  woven  together  used  in  this 
study  (Figure  2.8,  Figure  2.9,  Figure  2.1 1,  and  Figure  2.12). 

The  best  combination  of  DIC  parameters  depended  on  each  test’s  setup.  A  study 
was  conducted  to  find  the  effect  of  the  parameters  on  a  tension  test  setup.  Two  areas  were 
used  in  this  study  where  the  average  strain  was  exported  from  the  system  to  a  worksheet 
for  further  analysis.  The  first  area  was  located  in  the  middle  of  the  gage  section,  not 
including  the  edges.  The  second  area  included  the  edges  of  the  specimen.  Twenty- four 
different  parameter  configurations  were  implemented  and  the  average  strains  were 
exported  and  compared  to  each  other.  The  results  showed  that  using  the  middle  area  of 
the  gage  section  to  export  the  average  strain  was  independent  of  the  facet  size,  facet  step, 
and  computation  base.  Therefore,  the  average  strains  exported  from  the  middle  area  in  the 
gage  section  (avoiding  the  edges  of  the  specimen)  gave  the  same  values  for  different 
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parameter  configurations.  On  the  other  hand,  the  average  strain  exported  from  the  area 
including  the  edges  of  the  specimen  was  slightly  sensitive  to  the  computation  base  and 
highly  sensitive  to  both  the  facet  size  and  facet  step. 

2.5.3.  Accuracy  and  Precision 

A  study  was  conducted  comparing  conventional  strain  measuring  tools  to  the  DIC 
system  (Melrose,  2004).  The  conventional  strain  measuring  tools  in  the  study  were  a 
resistive  foil  strain  gage  and  a  linear  extensometer.  The  study  concluded  that  the  DIC 
system  produced  lower  variation  than,  or  as  low  as,  the  conventional  strain  measuring 
tools  when  testing  a  tensile  specimen.  The  DIC  system  resulted  in  measuring  the  clastic 
modulus  and  Poisson’s  ratio  to  within  2%  of  the  expected  values. 

2.6.  Composite  Materials  Evaluated 

Marine  grade  polymer  matrix  composite  reinforced  with  woven  fabric  were  tested 
in  this  study.  The  PMC  panels  were  reinforced  with  woven  E-glass  fabric  and 
manufactured  by  the  VARTM/SCRIMP  technique.  The  fabric  had  an  aerial  weight  of 
817.13  g/m  (24. 1  oz/yd2)  with  55%  of  the  fabric  by  weight  in  the  warp  direction  and 
45%  of  the  fabric  by  weight  in  the  fill  direction.  The  resin  used  in  the  composite  as  a 
matrix  was  vinyl  ester  rubberized  resin. 

The  study  was  conducted  on  panels  having  3  different  fiber  lay-ups:  [0]4Sf, 
[0/90]2sr,  and  [0/±45/0]sf.  The  results  and  the  discussion,  presented  to  show  the 
advantages  of  using  the  DIC  system  as  a  strain  measuring  technique,  address  the 
experimental  results  obtained  from  testing  the  panel  with  [0]4Sf  fiber  lay-up  only. 
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2.6.1.  Test  Methods  Selected 


Two  tension  tests,  two  compression  tests  and  two  shear  tests  were  used  to 
characterize  the  PMC.  The  tests  were  in  accordance  to  ASTM  standards  and  a  SACMA 
standard,  as  listed  in  Table  2.1  (SACMA  SRM  1R-94,  1994;  ASTM  D5379/D5379M. 
1999;  ASTM  D3039/D3039M,  2000;  ASTM  D6641/D664IM,  2001;  ASTM  D638,  2002; 
ASTM  D4255/D4255M,  2002). 


Table  2.1 :  Standard  Test  Methods  Selected 


Test 

Coupon 

Standards 

Properties 

Tension 

(composites) 

Tabbed 

Rectangular 

ASTM  D3039 

Ei,  E2,  V12, 

Fit,  Fa, 

Tension 

(plastics) 

Dumbbell 

ASTM  D638 

Ei,  Ej,  V12, 

Fa,  F2„ 

Compression 

(composites) 

Rectangular 

ASTM  D6641 

El,  E2,  V13  (V[2), 

Fic,  F2o 

Compression 

(plastics) 

Tabbed 

Rectangular 

SACMA  SRM  1R 
(ASTM  D695) 

Ei,  E2,  V]3, 

F  to  F2o 

Shear 

(large  -  composites) 

Three-Rail 

ASTM  D664I 

Gt2,  F6 

Shear 

(small  -  composites) 

V-Notchcd 

ASTM  D5379 

Gi2,  Ff, 

2.6.2.  Discussion  of  Results 

The  results  obtained  from  the  DIC  system  used  with  the  testing  program  helped  in 
characterizing  possible  errors  that  caused  variability  in  the  experimental  results  obtained 
from  conventional  strain  measuring  techniques.  The  full  field  strain  produced  by  the 
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system  revealed  a  high  and  low  strain  variation  in  accordance  to  the  pattern  of  the  fabric 
used:  high  strain  values  were  seen  on  the  relatively  heavy  tows  of  the  fabric  and  low 
strain  values  were  seen  in  between  the  tows,  on  the  resin  pockets.  This  strain  pattern  was 
depicted  clearly  on  the  tension  tests  which  arc  seen  in  Figure  2.8  and  Figure  2.9. 


Figure  2.9:  Full-Field  Strain  of  a  D638  Tensile  Specimen 

The  strain  variability  pattern  seen  on  the  specimen  surface  was  considered  to  be  a 
source  of  error  in  strain  measurement  when  a  bonded  resistive  foil  strain  gage  was  used. 
On  the  contrary,  the  DIC  system  averaged  the  strain  in  an  area  selected  in  the  full-field 
strain  which  accounted  for  the  variation  of  the  strain.  The  white  foreground  seen  in 
Figure  2.8  and  Figure  2.9  represents  the  area  selected  to  export  the  average  strain. 

The  DIC  system  was  able  to  capture  twist  in  the  dumbbell  shaped  tensile 
specimen.  The  twist  was  noticed  by  measuring  the  out  of  plane  displacement.  A 
displacement  contour  image  showing  the  out  of  plane  displacement  of  a  D638  tensile 
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specimen  depicts  the  twist  in  Figure  2.10.  This  type  of  twist  disappeared  in  the  tabbed 
rectangular  D3039  tensile  specimen  once  the  load  was  approximately  5%  of  the  ultimate 
strength.  The  D3039  specimen  had  enough  torsional  stiffness  to  initiate  the  self-aligning 
mechanism  of  the  testing  heads.  On  the  other  hand,  the  D638  specimen  had  half  the  width 
of  the  D3039  specimen  in  the  gage  section  and  thus  did  not  produce  enough  torsional 
stiffness  to  initiate  the  self-aligning  mechanism  of  the  grips  even  as  the  load  was 
increased  to  more  than  50%  of  the  ultimate  strength. 


Figure  2.10:  Twist  Captured  on  a  D638  Tensile  Specimen 


In  the  compression  specimens,  the  full-field  DIC  strain  images  revealed  stress 
concentrations  at  the  edges  of  the  gage  section  clamped  by  the  fixture.  These  stress 
concentrations  are  shown  in  Figure  2.1 1  and  Figure  2. 12. 
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Figure  2.1 1:  Strain  Concentration  in  a  D6641  Compression  Specimen 


Figure  2.12:  Strain  Concentration  in  a  SACMA  SRM  1R  Compression  Specimen 


The  stress  concentrations  were  explained  by  the  sizes  of  the  gage  sections  used. 
For  compression  test  ASTM  D6641,  the  length  of  the  gage  section  was  1 2.7  mm  (0.5  in) 
as  for  the  compression  test  SACMA  SRM  1R,  the  length  of  the  gage  section  was  4.75 
mm  (0.187  in).  Since  the  woven  fabric  used  to  reinforce  the  PMC  material  had  a  tow 
spacing  of  5.1  mm  (5  tows  per  inch)  in  the  warp  direction  and  6.35  mm  (4  tows  per  inch) 
in  the  fill  direction,  the  gage  lengths  used  in  the  compression  tests  were  not  wide  enough 
to  include  a  complete  pattern  of  the  fabric.  Therefore,  the  grips  of  the  fixtures  confined 
the  specimen  to  fail  properly  and  caused  strain  concentrations  and  non-uniform  strain 
distribution  in  the  areas  noted  in  Figure  2.1 1  and  Figure  2. 12. 
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In  addition,  the  DIC  system  was  used  to  monitor  slipping  of  the  middle  rail  of  the 
three-rail  shear  test,  ASTM  D4255  (Figure  2.13).  The  problems  indicated  in  the  literature 
when  conducting  this  test  were  based  around  the  inability  for  the  fixture  to  hold  the 
specimen  without  slipping  near  shear  failure  of  the  specimen.  To  insure  the  validity  of  the 
test,  the  DIC  system  was  used  to  monitor  the  middle  rail  for  slippage  on  the  surface  of  the 
specimen. 


Figure  2.13:  Three  Rail  Shear  Fixture  with  a  D4255  Shear  Specimen  Installed 


The  experimental  results  of  the  v-notch  shear  test  in  accordance  to  ASTM  D5379 
showed  high  variability.  This  variability  was  explained  by  the  scale  of  the  specimen 
compared  to  the  coarseness  of  the  fabric  used  in  the  composite.  As  mentioned  earlier,  the 
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woven  fabric  had  a  tow  spacing  of  5.1  mm  (5  tows  per  inch)  in  the  warp  direction  and 
6.35  mm  (4  tows  per  inch)  in  the  fill  direction.  This  weave  pattern  is  illustrated  in  a 
schematic  in  Figure  2.14. 


Figure  2.14:  Fabric  Weave  Pattern  Schematic 


Therefore,  comparing  the  weave  to  the  specimen  used  in  the  v- notch  shear 
specimen,  it  was  noticed  that  in  some  cases  the  cross-section  between  the  notches 
included  a  tow  and  in  other  ease  it  included  a  gap  between  two  tows.  This  high 
randomness  of  different  occurrences  of  material  between  the  notches  explained  the  high 
variability  in  the  experimental  results.  The  strain  variation  from  specimen  to  specimen  is 
depicted  in  Figure  2.15.  In  addition,  the  shaded  rectangle  in  the  foreground  of  each 
specimen  represents  the  area  selected  to  average  the  strain  and  export  it.  The  area  size 
and  location  were  comparable  to  the  size  and  location  of  a  conventionally  bonded  cross 
rosette  strain  gage. 
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Figure  2.15:  Full-Field  Strain  Concentration  in  V-Notch  Specimens 


Due  to  the  fabric  architecture  used,  the  strain  concentration  was  seen  to  deviate 
from  the  area  between  the  notches.  This  resulted  in  variability  of  the  experimental  results 
since  the  cross-sectional  area  between  the  notches  was  used  to  calculate  the  stress  and 
thus  obtain  the  shear  material  properties  of  the  PMC. 

2,7.  Conclusions  and  Recommendations 

The  full -fie Id  strain  produced  by  the  DIC  system  for  the  tension,  compression, 
and  shear  tests  demonstrated  the  benefits  of  using  three-dimensional  digital  image 
correlation  photogrammetry  technology.  The  advantages  of  the  DIC  system  over 
conventional  strain  measuring  tools  include  producing  full  strain  fields  and  reducing  the 
experimental  variability  of  the  material  properties  obtained.  Orientation  of  the 
conventional  strain  measuring  tools  parallel  to  the  applied  load  is  one  source  of  testing 
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variability  that  is  eliminated.  The  other  source  of  error  that  is  eliminated  is  due  to  the 
point-averaging  of  strains  under  conventional  strain  gages. 

The  DIC  capability  to  measure  full-field  strain  gave  rise  to  inspecting  possible 
errors  caused  by  accepted  testing  methods  used  to  derive  composite  material  properties. 
For  example,  the  compression  fixtures  used  while  testing  marine  grade  composites 
induced  non-uniform  strain  in  the  gage  section  introducing  errors  in  the  material 
properties  calculated.  It  is  recommended  to  increase  the  specimen  compression  gage 
region  to  incorporate  at  least  the  full  weave  pattern  of  the  fabric  used,  For  the  material 
tested  in  this  study,  the  corresponding  gage  length  described  in  the  ASTM  D6641 
standard  test  method  was  increased  from  1 2.7  mm  (0.5  in)  to  30.48  mm  (1.2  in).  The 
gage  length  used  in  this  case  represents  more  than  2  weave  patterns.  A  set  of  specimens 
were  tested  with  the  increased  gage  length  and  demonstrated  lower  variability  in 
mechanical  properties  and  a  uniform  strain  distribution  in  the  gage  section.  Similarly,  an 
increase  in  the  gage  section  width  of  ASTM  D638  dumbbell  tensile  specimen  is 
recommended.  The  DIC  system  can  also  be  used  to  detect  and  correct  small  grip 
misalignments  and  twisting  in  a  tensile  specimen. 

The  three  input  parameters  of  the  DIC  system  were  described  and  a  methodology 
for  selecting  the  appropriate  parameter  combination  for  testing  marine  grade  composites 
was  described,  The  technology  of  photogrammetry  is  constantly  improving  as  arc 
computer  processing  speeds.  Advancement  in  the  resolution  of  digital  cameras  will 
continue  to  enhance  the  accuracy  and  precision  of  3 D-D IC  systems  leading  to  further 
reductions  in  material  testing  variabilities  and  its  sources  and  to  more  mature,  efficient, 
and  higher  performance  designs. 
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Chapter  3:  Tension  Tests  for  Characterizing  Polymer  Matrix 
Composites  with  Woven  Fabric  Reinforcement 


3.1.  Introduction 

Two  tension  test  methods  were  selected  for  characterizing  polymer  matrix 
composites  (PMC)  with  woven  fabric  reinforcement.  The  first  test  was  in  accordance 
with  ASTM  D3039  and  is  under  the  jurisdiction  of  ASTM  committee  D30  on  composite 
materials  (ASTM  D3039/D3039M,  2000);  while  the  second  test  was  in  accordance  with 
ASTM  D638  and  is  under  the  jurisdiction  of  ASTM  committee  D20  on  plastics  (ASTM 
D638,  2002).  The  test  method  D638  standard  noted  that  for  tensile  properties  of  resin- 
matrix  composites  reinforced  with  fibers  of  modulus  greater  than  20  GPa  (3  x  106  psi) 
tests  should  be  in  accordance  with  ASTM  D3039.  Although  the  reinforcing  fiber  used  is 
of  modulus  greater  than  20  GPa  (3  x  10f’  psi),  the  literature  showed  the  reliability  of 
conducting  tests  in  accordance  with  ASTM  D638  for  such  reinforcing  fibers.  Therefore, 
both  tests  were  selected  for  characterizing  the  PMC  with  woven  fabric  reinforcement. 

Each  test  is  explained  separately  and  any  deviation  from  the  standard  is  stated.  In 
addition,  the  chapter  describes  the  method  used  to  cut  the  samples  from  the  panels,  the 
dimensions  of  the  samples,  and  the  preparation  of  the  samples  for  testing.  The  lest  setup, 
experimental  methods  and  instrumentation  systems  are  presented,  and  the  different  issues 
that  arose  during  the  experimental  program  discussed.  The  methods  for  synthesizing  and 
analyzing  the  experimental  results  arc  explained  and  the  findings  arc  summarized. 

The  advantages  and  disadvantages  of  each  test  method  are  described  and 
compared  with  recommendations  from  the  literature.  An  experimental  mechanics  analysis 
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of  the  results  is  presented  and  a  set  of  recommendations  and  conclusions  arc  provided  in 
the  chapter.  A  modified  tension  test  method  for  PMC  with  woven  fabric  reinforcement, 
which  combines  the  benefits  of  both  test  methods  evaluated,  is  proposed  to  obtain  better 
in-planc  tensile  properties  of  marine-grade  composites. 

3.2.  Background 

A  number  of  issues  have  been  addressed  to  obtain  repeatable  and  reliable  tensile 
properties  of  fiber  reinforced  composites.  Among  these  issues  were  the  preparation  of  the 
specimen,  the  fiber  architecture  adopted  in  the  composite,  and  the  tabbing  procedure 
needed  for  some  specimens. 

A  study  showed  that  the  edge  effects  in  angle  ply  composites  greatly  reduces  the 
stiffness  property  of  the  material  (Piggott  and  Wang,  1999).  Based  on  this  study,  for 
improved  results  of  modulus  of  elasticity,  the  width  to  length  ratio  should  be  about  two. 

In  addition,  it  was  shown  that  the  standard  test  method  D3039  was  not  capable  of  giving 
reliable  moduli  except  for  [0/90]  combinations  and  the  modulus  should  be  calculated 
from  the  initial  slope  of  the  stress-strain  curve  of  the  material  rather  than  the  slope  of  the 
curve  between  one  quarter  and  one  half  of  the  ultimate  strain,  as  recommended  by  that 
standard. 

The  ASTM  D3039  standard  test  method  suggests  the  use  of  tabs  for  gripping 
highly  orthotropic  composites  to  reduce  stress  concentration  around  the  gripping  area  and 
induce  acceptable  failure  in  the  gage  area  (ASTM  D3039/D3039M,  2000).  It  was 
reported  that  this  test  has  a  better  performance  for  cross-ply  specimens,  since  they  arc 
less  sensitive  to  imperfection,  than  for  unidirectional  specimens  (Chaterjee,  Adams  et  al„ 
1993).  In  addition,  the  report  discussed  the  tensile  test  in  accordance  with  ASTM  D638, 
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Type  1,  and  concluded  lhat  stresses  peak  in  the  transition  region.  Furthermore,  the  report 
stated  that  this  test  cannot  be  used  for  unidirectional  composites  due  to  failure  in  the 
transition  region;  however,  it  is  more  adequate  for  cross-ply  reinforcement. 

A  detailed  study  on  tabbing  specifications  of  ASTM  D3039  tensile  specimen  was 
conducted  (Adams  and  Adams,  2002).  This  study  stated  that  the  tabs  themselves  can 
result  in  stress  concentrations,  particularly  at  tab  terminations  adjacent  to  the  specimen 
gage  section.  More  recently,  a  finite  clement  analysis  of  the  tensile  test  in  accordance 
with  ASTM  D3039  with  tabs  tapered  at  an  angle  of  7°  showed  that  stress  concentration  is 
present  in  the  region  close  to  the  termination  of  the  tab.  The  ratio  of  the  stress  in  the  tab 
termination  region  to  the  stress  in  the  gage  area  was  found  to  be  approximately  1.03 
(Fayad,  2005). 

The  study  presented  in  this  thesis  implements  the  new  experimental  technology 
of  digital  imaging  correlation  and  explains  the  different  issues  indicated  previously  for 
tension  tests:  stress  concentration  around  the  tab  termination  zone,  and  stress 
concentration  in  the  transition  region  in  the  dumbbell  shaped  specimen.  Based  on  the 
experimental  findings  a  specimen  configuration  is  proposed  for  enhanced  experimental 
characterization  of  tensile  properties  of  PMC  with  woven  roving  reinforcement.  Three 
different  fiber  lay-up  sequences,  which  are  representative  of  marine- grade  composites, 
were  selected  for  this  study:  [0]4Sf,  [0/90]2Sf,  and  [0/±45/0]sf.  The  angle  orientation  of  each 
layer  indicates  the  angle  between  the  warp  direction  of  the  weave  and  the  reference  axis, 
which  was  the  laminate  principal  axis.  The  experimental  results  of  the  tension  test  for  the 
different  lay-up  sequences  were  analyzed  to  determine  if  reliable  and  repeatable  in-plane 
tensile  properties  were  obtained. 
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3.3.  Tension  Test  in  Accordance  with  ASTM  D3039 


The  ASTM  D3039  standard  test  method  was  devised  for  determining  the  in-planc 
tensile  properties  of  polymer  matrix  composite  (PMC)  materials  reinforced  by  high- 
modulus  fibers  (ASTM  D3039/D3039M,  2000).  The  standard  recommends  the  specimen 
configuration,  the  apparatuses  needed  to  measure  the  width  and  thickness  of  the 
specimen,  the  testing  fixture  needed  to  conduct  the  test,  and  the  desired  strain  measuring 
device,  The  following  sections  explain  the  specimen  configuration,  the  preparation  of  the 
specimen  and  the  different  apparatuses  used  to  conduct  the  test.  Any  deviation  from  the 
standard  is  noted  and  explained. 

3.3.1.  Specimen  Preparation 

Referring  to  the  standard,  at  least  5  specimens  should  be  tested  per  testing 
condition.  To  account  for  specimen  data  that  may  be  lost  during  the  testing  process  or 
data  analysis,  8  specimens  for  each  direction  were  tested.  Each  panel  had  two  orthogonal 
directions:  x-direction  and  y-direction,  where  the  x-direction  was  the  laminate  principal 
axis.  The  specimens  were  cut  from  the  panels  with  a  water-abrasive  jet. 

The  length  and  width  of  the  specimens  were  in  accordance  with  Table  I  and  Table 
2  of  the  ASTM  Standard  D3039.  The  dimensions  were  254  mm  (10  in)  by  25.4  mm  (1 
in).  The  witness  panels  were  manufactured  with  8  layers  of  fabric  having  a  total  thickness 
of  approximately  5.08  mm  (0.2  in),  which  exceeded  the  recommended  thickness  in  Table 
2  of  the  standard  but  abides  to  the  requirements  of  Table  1  of  the  standard  (ASTM 
D3039/D3039M,  2000).  Since  the  fabric  used  is  woven  with  an  aerial  weight  of  817.13 
g/m2  (24. 1  oz/yd2),  the  surface  of  the  panel  that  was  not  on  the  mold  was  wavy  with  a 
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thickness  tolerance  of  approximately  14%.  The  thickness  tolerance  of  the  specimens  did 
not  meet  the  requirements  of  the  standard.  The  specimen  dimensions  arc  shown  in  a  2D- 
ACAD  drawing  in  Figure  3.1 . 
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Figure  3.1:  D3039  Specimen  Configuration 

The  specimens  were  conditioned  in  accordance  with  procedure  C  of  test  method 
D5229  (ASTM  D5229/D5229M,  2002).  The  specimens  were  stored  in  a  conditioning 
chamber  for  3  month  at  a  temperature  of  22  ±  3°C  (71 .6  ±  5°F)  and  50  ±  3%  relative 
humidity.  While  testing  the  specimens,  the  testing  room  was  climate  controlled  at  room 
temperature  (22  ±  3°C)  and  relative  humidity  of  50  ±  3%. 

Although  the  standard  states  that  testing  multidirectional  laminates  can  be 
successfully  tested  without  tabs,  the  specimens  in  this  study  were  tabbed  since  the 
findings  in  the  literature  recommended  the  use  of  tabs  in  multidirectional  laminates.  A  set 
of  specimens  that  were  similar  to  the  panels  under  study  in  this  thesis,  were  tested 
without  tabs  and  high  percentage  of  grip  failure  was  noticed,  which  reinforced  the  idea  of 
tabbing  the  specimens  under  consideration  in  this  study.  The  tabbing  material  used  was  a 
cross-ply  E-glass/Epoxy  composite  known  as  G1 1  and  used  mainly  for  electric  circuit 
boards.  The  tabs  had  a  length  of  38.1  mm  (1.5  in)  and  the  same  width  of  the  specimen 
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with  a  taper  angle  of  7°  and  a  thickness  of  1 .575  mm  (0.062  in).  The  tabs’  material  and 
dimensions  agreed  with  the  recommendations  of  the  standard. 

An  80  grit  sand  paper  was  used  to  roughen  the  surface  where  the  tabs  had  to  be 
bonded,  and  a  degreaser  was  used  to  remove  any  residue  of  mold  release  from  panel 
manufacturing  and  any  dust  particles  to  improve  the  bond  of  the  tab  to  the  specimen.  The 
tabs  were  bonded  to  the  specimen  with  a  structural  adhesive,  Plio-Grip  7770.  The 
adhesive  was  mixed  and  applied  in  a  climate  controlled  room  with  a  temperature  of 20°C 
and  relative  humidity  of  50%  to  insure  curing  of  the  adhesive.  The  tabs  were  clamped  and 
left  overnight  at  the  same  temperature  and  relative  humidity  to  cure.  A  tabbed  D3039 
tensile  specimen  is  shown  in  Figure  3.2. 


Figure  3.2:  Tabbed  D3039  Specimen 


As  recommended  in  the  standard,  the  specimen  thickness  and  width  were 
measured  with  a  5  mm  (0. 19685  in)  nominal  diameter  doublc-ball-interfacc  micrometer 
at  three  random  locations  along  the  length  of  the  specimen  in  the  area  of  interest  which 
had  a  length  of  177.8  mm  (7  in).  The  micrometer  had  an  accuracy  of  ±2.5  pm  (±0.0001 
in).  The  measurements  were  recorded  and  the  average  area  was  later  used  in  the 
computation  of  the  tensile  properties  of  the  material. 

A  strain  transducer  or  an  extensometer  was  recommended  to  be  used  to  measure 
the  strain  of  the  specimen  while  loading,  but,  as  mentioned  in  Chapter  2,  a  3-D  digital 
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image  correlation  (D1C)  system  was  used  to  measure  the  strains  in  this  study.  Therefore, 
a  speckle  pattern  was  applied  to  the  specimen  surface  that  would  be  facing  the  digital 
cameras.  The  pattern  was  created  by  applying  a  white  base  first  and  then  a  black  speckle 
pattern.  The  specimens  were  set  aside  to  dry  for  a  day.  The  pattern  was  consistent  with 
the  specifications  needed  for  the  DIC  system  to  recognize  it  in  the  frame  of  view  that 
covers  the  region  of  interest  of  the  specimen. 

3.3.2,  Test  Setup 

The  two  cameras  of  the  DIC  system  were  set  in  front  of  the  specimen  with  the 
speckled  pattern  facing  the  cameras.  The  cameras  were  then  calibrated  to  measure  strain 
and  displacement  in  the  volume  of  space  that  the  specimen  was  being  tested  in. 

The  specimen  was  gripped  in  grip  heads  that  were  rotationally  self-aligning.  The 
testing  machine  was  a  hydraulic  machine  with  the  capability  of  controlling  the  velocity  of 
the  moving  head.  The  testing  machine  was  capable  of  indicating  the  total  load  being 
carried  by  the  test  specimen.  The  specifications  of  the  testing  machine  were  in 
conformance  with  A  STM  Practices  E4  (ASTM  E4,  2002). 

The  test  was  conducted  with  a  constant  head  speed  of  1 .8  mm/min  (0.071  in/min) 
and  each  test  elapsed  between  approximately  two  and  a  half  minutes  and  three  minutes. 
The  load  and  strain  data  was  collected  at  a  rate  of  approximately  1  hertz,  or  one  data 
point  every  second.  The  strain  data  collected  was  a  full-field  strain  of  the  area  of  interest 
of  the  specimen.  A  typical  full-field  strain  captured  by  the  DIC  system  of  a  D3039  tensile 
specimen  is  depicted  in  Figure  3.3. 
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Figure  3.3:  Full-Field  Strain  of  a  D3039  Specimen 


An  area  in  the  middle  of  the  specimen  was  used  to  extract  the  strains  from  the 
full-field  strain.  This  area  represented  the  gage  area  which  is  shown  as  a  faint  rectangle  in 
the  fore  ground  in  Figure  3.3.  The  average  longitudinal  and  transverse  strains  were 
computed  from  the  full-field  strain  in  the  gage  area.  For  every  instant  the  DIC  system 
captured  an  image  from  the  cameras,  the  average  longitudinal  strain,  average  transverse 
strain,  and  the  load  data  were  exported. 

3.4.  Tension  Test  in  Accordance  with  ASTM  D638 

The  ASTM  D638  standard  test  method  was  devised  for  determining  the  in -plane 
tensile  properties  of  un-rein  forced  and  reinforced  plastics  in  the  form  of  standard 
dumbbell -shaped  test  specimens  (ASTM  D638,  2002).  The  standard  recommends  the 
specimen  configuration,  the  apparatuses  needed  to  measure  the  specimen  width  and 
thickness,  the  testing  fixture  needed  to  conduct  the  test,  and  the  desired  strain  measuring 
device.  The  following  sections  explain  the  specimen  configuration,  the  specimen 
preparation  and  the  different  apparatuses  used  to  conduct  the  test.  Any  deviation  from  the 
standard  is  noted  and  explained. 
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3.4.1.  Specimen  Preparation 

Referring  to  the  standard,  at  least  5  specimens  should  be  tested  per  testing 
condition.  To  account  for  specimen  data  that  may  be  lost  during  the  testing  process  or 
data  analysis,  8  specimens  for  each  direction  were  tested.  Each  panel  had  two  orthogonal 
directions:  x-dircction  and  y-direction,  where  the  x-dircction  is  the  laminate  principal 
axis.  The  specimens  were  cut  from  the  panels  with  a  water-abrasive  jet. 

The  dimensions  of  the  specimens  were  in  accordance  with  Type  I  shown  in  figure 
l  of  ASTM  Standard  D638,  The  dimensions  were  1 65.1  mm  (6.5  in)  for  the  overall 
length,  19.05  mm  (0.75  in)  for  the  overall  width,  57. 15  mm  (2.25  in)  for  the  length  of  the 
narrow  section,  12.7  mm  (0.5  in)  for  the  width  of  the  narrow  section,  and  76.2  mm  (3  in) 
for  the  radius  of  the  fillet.  The  witness  panels  were  manufactured  with  8  layers  of  fabric 
resulting  in  a  total  thickness  of  approximately  5.08  mm  (0.2  in),  which  met  the 
recommended  thickness  in  figure  1  of  the  standard  (ASTM  D638,  2002).  Since  the  fabric 
used  is  woven  with  an  aerial  weight  of  817.13  g/nr  (24.1  077yd2),  the  surface  of  the  panel 
that  was  not  on  the  mold  was  wavy  with  a  thickness  tolerance  of  approximately  14%.  The 
thickness  tolerance  of  the  specimens  did  not  meet  the  requirements  of  the  standard  which 
was  ±4%  of  the  thickness.  The  specimen  dimensions  are  shown  in  a  2D- ACAD  drawing 
in  Figure  3,1. 
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Figure  3.4:  D638  Specimen  Configuration 

The  specimens  were  conditioned  in  accordance  with  procedure  C  of  test  method 
D5229  (ASTM  D5229/D5229M,  2002).  The  specimens  were  stored  in  a  conditioning 
chamber  for  3  month  at  a  temperature  of  22  ±  3“C  (71.6  ±  5°F)  and  50  ±  3%  relative 
humidity.  While  testing  the  specimens,  the  testing  room  was  climate  controlled  at  room 
temperature  (22  ±  3°C)  and  relative  humidity  of  50  ±  3%. 

As  recommended  in  the  standard,  the  specimen  thickness  and  width  were 
measured  with  a  5  mm  (0.19685  in)  nominal  diameter  double-ball-inlcrfacc  micrometer 
at  three  random  locations  along  the  length  of  the  specimen  in  the  area  of  interest  which 
had  a  length  of  57.15  mm  (2.25  in).  The  micrometer  had  an  accuracy  of  *2.5  pm 
(±0.0001  in).  The  measurements  were  recorded  and  the  average  area  was  later  used  in  the 
computation  of  the  material  tensile  properties. 

A  strain  transducer  or  an  extensometer  was  recommended  to  be  used  to  measure 
the  strain  of  the  specimen  while  loading,  but,  a  3-D  DIC  system  was  used  to  measure  the 
strains  in  this  study.  Therefore,  a  speckle  pattern  was  applied  to  the  specimen  surface  that 
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would  be  facing  the  digital  cameras.  The  pattern  was  created  by  applying  a  white  base 
first  and  then  a  black  speckle  pattern.  The  specimens  were  set  aside  to  dry  for  a  day.  The 
pattern  was  consistent  with  the  specifications  needed  for  the  DIC  system  to  recognize  in 
the  frame  of  view  that  covers  the  region  of  interest  of  the  specimen. 

3.4.2.  Test  Setup 

The  two  cameras  of  the  DIC  system  were  set  in  front  of  the  specimen  with  the 
speckled  pattern  facing  the  cameras.  The  cameras  were  then  calibrated  to  measure  strain 
and  displacement  in  the  volume  of  space  that  the  specimen  was  being  tested  in. 

The  specimen  was  gripped  in  the  testing  machine  with  a  distance  of  1 14.3  mm 
(4.5  in)  between  the  grips  and  the  grip  heads  were  rotationally  self-aligning.  The  testing 
machine  was  a  servo  controlled  hydraulic  machine  with  the  capability  of  controlling  the 
velocity  of  the  moving  head.  The  testing  machine  was  capable  of  indicating  the  total  load 
being  carried  by  the  test  specimen  with  a  maximum  capacity  of  100  kN  (22  kip).  The 
specifications  of  the  testing  machine  were  in  conformance  with  ASTM  Practices  E4 
(ASTM  E4,  2002). 

The  test  was  conducted  with  a  constant  head  speed  of  1 .2  mm/min  (0.047  in/min) 
and  each  test  elapsed  between  approximately  two  and  a  half  minutes  and  three  minutes. 
The  load  and  strain  data  were  collected  at  a  rate  of  approximately  l  hertz,  or  one  data 
point  every  second.  The  strain  data  collected  was  a  full- field  strain  of  the  area  of  interest 
of  the  specimen.  A  typical  full-field  strain  in  the  direction  of  the  applied  load  captured  by 
the  DIC  system  of  a  D638  tensile  specimen  is  depicted  in  Figure  3.5, 
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Figure  3.5:  Full-Field  Strain  of  a  D638  Specimen 


An  area  in  the  middle  of  the  specimen  was  used  to  extract  the  strains  from  the 
full- field  strain.  This  area  represented  the  gage  area  which  is  shown  as  a  faint  rectangle  in 
the  fore  ground  in  Figure  3.5.  The  average  longitudinal  and  transverse  strains  were 
computed  from  the  full-field  strain  in  the  gage  area.  For  every  instant  the  DIC  system 
captured  an  image  from  the  cameras,  the  average  longitudinal  strain,  average  transverse 
strain,  and  the  load  data  were  exported. 

3.5.  Stress-Strain  Representation 

Using  the  data  exported  from  the  DLC  system,  in  addition  to  the  measured  average 
area  of  the  specimen  and  the  calibration  factor  of  the  load  cell  (the  load  sensing  unit  of 
the  testing  machine),  a  stress-strain  curve  was  formed  for  each  specimen.  Different 
methods  for  calculating  the  modulus  of  elasticity  of  a  material  from  the  stress-strain 
curve  arc  described  in  ASTM  El  1 1  standard  test  method  for  Young’s  modulus,  tangent 
modulus,  and  chord  modulus.  The  Young's  modulus  is  a  material  property  useful  in 
design  and  is  calculated  for  materials  that  follow  a  linear  elastic  stress-strain  behavior. 
The  tangent  or  chord  modulus  is  calculated  for  materials  that  follow  a  non-linear  elastic 
stress-strain  behavior;  and  is  useful  to  estimate  the  behavior  of  the  material  for  a  specified 
range  of  stress  (ASTM  El  11,  1997).  Observing  the  stress-strain  curves  for  the  tensile 
specimens  used  in  this  study,  it  was  observed  that  the  curves  were  slightly  non-linear  and 
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more  than  one  linear  range  was  found.  Therefore,  a  bi-l  incar  representation  of  the  stress- 
strain  curve  was  adopted.  The  material  was  then  classified  to  have  an  initial  modulus  of 
elasticity  and  a  final  modulus  of  elasticity. 

The  data  was  accessed  by  a  program  code  written  using  Matlab  (Math works) 
programming  language  (Appendix  B.  I).  The  code  used  the  load  data  and  strain  data  to 
generate  the  stress-strain  curve.  Then  two  regions  were  selected  from  the  curve:  the  first 
region  lay  between  5%  and  20%  of  the  ultimate  strain  and  the  second  region  lay  between 
60%  and  90%  of  the  ultimate  strain.  For  each  region,  the  least  square  error  approach  was 
used  to  estimate  a  linear  relation  of  the  data.  The  slope  of  the  linear  function  was  taken  to 
be  the  modulus  of  elasticity.  The  intersection  point  of  the  two  linear  functions  was  taken 
to  be  the  transition  point  from  the  initial  region  to  the  final  region.  The  Poisson’s  ratio 
was  calculated  in  accordance  with  ASTM  El 32.  Two  Poisson’s  ratios  were  found  for 
each  stress-strain  curve:  initial  Poisson’s  ratio  for  the  initial  region  and  final  Poisson’s 
ratio  for  the  final  region.  The  Poisson’s  ratio  was  calculated  to  be  the  ratio  of  the  modulus 
of  elasticity  calculated  using  the  transverse  strain  to  the  modulus  of  elasticity  calculated 
using  the  longitudinal  strain  (ASTM  E132,  1997), 

The  stress-strain  curve  representation  and  the  two  regions  modeled  arc  shown  in 
Figure  3.6 
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Figure  3.6:  Initial  and  Final  Regions  in  the  Stress-Strain  Curve 


A  typical  stress-strain  curve  of  a  tensile  test  and  its  modeled  bi-lincar  curve  arc 
shown  in  Figure  3.7.  The  values  of  the  initial  modulus,  final  modulus,  Poisson’s  ratio, 
ultimate  point,  and  transition  point  arc  indicated  in  the  figure. 
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Figure  3.7:  Modeled  Tensile  Stress-Strain  Curve 


3.6.  Discussion  of  Results 

The  tension  tests  were  conducted  on  two  sets  of  panels,  manufactured  using  two 
different  batches.  The  first  batch  was  used  to  infuse  a  25.4  mm  ( I  in)  thick  panel  and 
simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel,  which  acted  as  a  witness  panel  for 
the  25.4  mm  (1  in)  thick  panel.  Similarly,  the  second  batch  was  used  to  infuse  a  !  2.7  mm 
(0.5  in)  thick  panel  and  simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel  which  acted 
as  a  witness  panel  for  the  12.7  mm  (0.5  in)  thick  panel.  For  each  batch,  three  fiber  lay-ups 
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were  adopted:  [0]4Sr,  [0/90]2Sf,  and  [0/±45/0]Sf.  Therefore,  there  were  two  panels  for  each 
fiber  lay-up  that  had  the  same  thickness  but  were  infused  with  a  different  batch  and  at 
different  environmental  conditions. 

A  set  of  8  specimens  was  tested  for  each  direction  in  each  panel.  Having  a  total  of 
6  witness  panels,  12  sets  of  results  were  computed.  The  following  charts  summarize  the 
experimental  results  obtained  from  the  tension  tests  conducted  on  the  panels.  Each  chart 
has  the  mean,  standard  deviation,  and  coefficient  of  variation  of  the  material  property  of 
the  panels.  Two  material  properties  are  presented:  the  initial  modulus  of  elasticity  and  the 
ultimate  strength.  The  results  of  each  direction  arc  presented  on  separate  charts.  The 
experimental  results  of  the  two  witness  panels  with  the  same  lay-up  sequence  from  each 
batch  are  represented  by  two  adjacent  bars.  The  complete  material  properties  for  all  the 
specimens  tested  arc  presented  in  Appendix  C.l. 

Each  panel  had  two  orthogonal  directions:  x-dircction  and  y-dircction,  where  the 
x-direction  is  the  laminate  principal  axis. 
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Figure  3.8:  Tensile  Initial  Modulus  of  Elasticity  (x-direction) 
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Figure  3.9:  Tensile  Ultimate  Strength  (x-dircction) 
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Figure  3  JO:  Tensile  Initial  Modulus  of  Elasticity  (y-direction) 


0638 


0630 


□3039 


D63B 


□3039 


Batch  1  □  Batch  2| 


j  t  . . . 

255.3 

>— 

3,29% 

254,9 

»- 

H  2,90% 

T 

269,0 

252,3 

■U-h  2.85% 

331.  ft 

H- 

_i  3 .43  % 

3754 

,  7.17% 

333.7 

2.45% 

377,0 

•H— 

4  3.85% 

|  1  | 

340.4 

3  32% 

559.fi 

j  2  99% 

334.fi 

3,0fi% 

3481 

*  53% 

50 


100 


150 


200  250 

MPa 


300 


350 


400 


m 


Figure  3.11:  Tensile  Ultimate  Strength  (y-dircction) 
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Further  analysis  of  the  experimental  results  was  carried  on  by  normalizing  the 
results  to  one  thickness  as  part  of  reducing  the  variability  caused  by  the  thickness 
variation  through  the  panel.  The  normalization  process  and  the  normalized  results  are 
presented  in  section  7.3.1.  In  addition,  the  normalized  results  from  both  tension  test 
methods  were  compared  using  a  statistical  tool  to  verify  the  significance  of  difference 
between  the  two;  a  similar  approach  was  conducted  on  normalized  results  from  both 
batches.  The  statistical  comparison  is  presented  in  section  7.3.2. 

3.7.  Conclusion 

While  testing  the  D3039  specimens,  failure  near  the  tabs  was  observed.  The  tabs 
were  intended  to  force  failure  in  the  gage  area  but  were  not  effective.  The  high 
percentage  of  failure  around  the  tab  region  (at  least  5  out  of  8  specimens)  can  be  justified 
by  the  peaking  of  stresses  near  the  termination  of  the  tab  as  mentioned  in  the  background 
section  3.2.  Note  that  the  stress  concentrations  were  not  captured  by  the  DIC  system  but 
were  observed  in  the  failure  mode. 

The  self-aligning  gripping  heads  of  the  testing  machine  are  capable  of  self¬ 
aligning  the  specimen  and  removing  any  twist  when  the  load  was  applied.  But  looking  at 
the  out-of-plane  displacement  field  of  the  D638  specimens,  it  was  observed  that  the 
specimen  remained  twisted  after  the  load  was  applied.  The  specimen  width  and  material 
stiffness  did  not  provide  enough  torsional  stiffness  to  induce  the  self-aligning  mechanism 
of  the  gripping  heads.  The  twist  in  the  specimen  was  depicted  in  the  stress-strain  curve  of 
the  specimen  as  a  toe  region  at  the  start  of  the  curve.  The  toe  region  does  not  represent  a 
property  of  the  material  and  is  an  artifact  caused  by  a  take-up  of  slack  and  alignment  of 
the  specimen  (ASTM  D638,  2002).  The  twist  in  the  specimen  affected  the  calculation  of 
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the  modulus  of  elasticity  of  the  specimen.  The  out-of-plane  displacement  field  of  a  D638 
specimen  captured  by  the  DIC  system  shows  the  twist  of  the  specimen  during  testing  in 
Figure  3.12.  The  DIC  system  is  capable  of  capturing  out  of  plane  displacements  as  well 
as  full -fie  Id  strains.  The  D3039  specimens  were  wide  enough  to  provide  enough  torsional 
stiffness  for  the  self-aligning  mechanism  of  the  gripping  heads.  It  should  be  noted  that 
for  self-aligning  grip  heads,  the  torsional  stiffness  of  the  specimen  is  significant,  but 
when  using  prc-aligncd  grip  heads,  the  torsional  stiffness  of  the  specimen  is  not  as 
significant. 


: 

1  - 

Figure  3.12:  Twist  captured  of  a  D638  specimen 


The  woven  fabric  used  in  the  composite  under  study  had  a  tow  spacing  of  5. 1  mm 
(5  tows  per  inch)  in  the  warp  direction  and  6.35  mm  (4  tows  per  inch)  in  the  fill  direction, 
producing  an  unbalanced  weave.  A  schematic  representation  of  the  woven  fabric  used  is 
depicted  in  Figure  3.13. 
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Figure  3.13:  Weave  Pattern  Schematic 


The  tow  pattern  of  the  fabric  repeated  every  12.7  mm  (0,5  in)  in  the  warp 
direction  and  every  10. 16  mm  (0.4  in)  in  the  fill  direction.  The  pattern  of  the  weave  is 
presented  in  Figure  3.14  for  both  directions:  warp  and  fill, 


Figure  3.14:  Fabric  Weave  Pattern  in  the  Warp  and  Fill  Direction 
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The  D638  tensile  specimen  was  12.7  mm  (0.5  in)  wide  in  the  gage  area  thus 
including  less  than  two  weave  patterns  when  tested  in  the  warp  direction  and  only  one 
weave  pattern  when  tested  in  the  fill  direction.  It  was  observed  from  the  full  field  strains 
captured  by  the  DIC  system  that  the  strain  is  larger  over  the  tow  compared  to  the  strain 
over  the  gap  between  two  tows.  The  pattern  of  the  woven  fabric  is  perceived  when 
looking  at  the  full  field  strain  in  Figure  3.5.  When  the  strains  in  the  gage  area  were 
averaged  and  exported,  the  value  was  affected  by  the  presence  of  a  tow  in  the  middle  of 
the  specimen  or  a  gap  between  two  tows  and  thus  misrepresenting  the  average  strain 
needed  to  obtain  in-ptanc  tensile  properties  of  the  composite  under  study. 

3.8.  Recommendations 

3.8.1.  Modifications  Recommended  for  the  ASTM  D3039  Test  Method 

The  tabs  in  the  D3039  specimens  were  time  consuming  to  bond  to  the  specimens 
and  were  ineffective  in  forcing  failure  into  the  gage  area.  Conversely,  the  width  of  the 
specimen  was  adequate  for  the  woven  fabric  used  in  this  study,  and  produced  enough 
torsional  stiffness  to  align  the  specimen  when  loaded.  While  for  the  D638  specimens,  the 
dumbbell  shape  forced  the  failure  into  the  gage  area  for  more  than  half  the  specimens,  but 
the  width  caused  problems  in  aligning  the  specimen  and  in  covering  a  larger  number  of 
tows  needed  to  average  properly  the  strain  in  the  gage  area. 

In  conclusion,  the  width  of  the  specimen  should  be  in  accordance  with  the  pattern 
of  the  fabric  used  in  the  composite  under  study.  The  fabric  is  represented  properly  when  3 
tow  patterns  are  included  in  the  gage  section;  the  edge  patterns  are  affected  by  the  free 
edge  boundary  conditions,  thus,  leaving  the  middle  pattern  unaffected  by  outside 
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conditions.  The  tow  pattern  of  the  fabric  repeated  every  1 2.7  mm  (0.5  in)  in  the  warp 
direction  (Figure  3.14)  resulting  in  a  recommended  specimen  width  of  30.48  mm  ( 1 .2  in); 
similarly,  the  tow  pattern  of  the  fabric  repeated  every  10. 16  mm  (0.4  in)  in  the  fill 
direction  (Figure  3.14)  resulting  in  a  recommended  specimen  width  of  38. 1  mm  ( 1 .5  in). 
Due  to  the  limitation  of  most  of  the  testing  frames  and  their  load  cell,  a  specimen  width 
of  30.48  mm  (1.2  in)  was  considered  for  both  directions:  warp  and  fill.  In  addition,  it  was 
considered  that  the  free  edge  effects  of  the  tensile  specimen  are  not  large  enough  to  affect 
the  middle  tow  pattern  of  the  fabric. 

To  simplify  the  specimen  preparation  and  remove  the  tabbing  process,  a  dumbbell 
shape  for  the  specimen  configuration  is  recommended.  Two  types  of  specimen 
configurations  were  recommended  and  are  presented  in  Figure  3.15  and  Figure  3. 16.  The 
recommended  specimen  configurations  depicts  a  width  of  30.48  mm  ( 1 .2  in)  in  the  gage 
section  that  is  enough  to  include  three  weave  patterns  when  obtaining  properties  in  the 
warp  direction  and  adequate  in  representing  the  reinforcing  fabric  in  the  fill  direction. 
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Figure  3.15:  Recommended  Tensile  Specimen  (Type  One) 
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Figure  3.16:  Recommended  Tensile  Specimen  (Type  Two) 


3.8.2.  Discussion  of  the  Experimental  Results  of  the  Recommended 
Modifications 

The  recommended  test  configurations  were  tested  using  the  same  procedure 
described  in  section  3.3.  Since  the  cross-sectional  area  was  increased,  the  loaded  needed 
to  fail  was  the  specimen  was  larger.  Due  to  the  significant  increase  in  the  failing  load 


59 


from  the  ASTM  D638  tensile  specimen,  stress  concentration  were  observed  in  the 
transition  region,  the  region  that  transitions  the  width  of  the  specimen  from  the  grip  width 
to  the  gage  width.  The  stress  concentrations  were  captured  by  the  DIC  system  as  strain 
concentrations  and  witnessed  in  the  failure  mode  as  failure  in  the  transition  region.  Both 
recommended  specimen  configuration  types  showed  90%  or  more  of  failure  in  the 
transition  region  which  rendered  the  recommendation  invalid.  The  stress  concentration  in 
the  transition  region  may  cause  premature  failure  thus  misrepresenting  the  materials 
ultimate  strength. 

Since  both  types  of  the  modified  specimen  configuration  did  not  produce 
acceptable  failures,  a  finite  clement  analysis,  utilizing  an  optimized  procedure,  was  used 
to  redefine  the  specimen  configuration.  The  finite  clement  analysis  was  conducted  using 
ANSYS  commercial  software  with  the  optimization  package.  The  detailed  study  is 
presented  in  a  report  by  Josh  Walls  from  Applied  Thermal  Sciences  (Walls  and 
Thompson,  2005).  The  optimized  specimen  configuration  is  depicted  in  Figure  3.17.  The 
main  significance  of  the  optimized  configuration  is  the  smooth  transition  from  the  grip 
width  to  the  gage  width,  fillet  radius  of  365  mm  (14.375  in),  which  caused  the  specimen 
to  be  longer. 
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Figure  3. 1 7:  FEA  Optimized  Tensile  Specimen 


The  optimized  tensile  specimen  configuration  was  cut  using  the  CNC  controlled 
water  jet  system  and  tested  following  the  ASTM  D3039  test  method  described  in  section 
3.3.  The  test  was  conducted  on  only  one  panel  in  two  directions.  The  panel  was  from 
batch  2  and  had  [0]4Sf  for  fiber  lay-up  sequence.  The  percentage  of  failure  in  the  gage  area 
was  ranging  between  60%  and  50%,  with  8  specimens  in  each  direction.  The  optimized 
specimen  configuration  demonstrated  a  higher  percentage  of  gage  failure  compared  to  the 
rcctangular-tabbcd  ASTM  D3039  specimen.  The  experimental  results  of  the  optimized 
specimens  compared  with  the  un-modi  tied  specimens,  ASTM  D3039,  are  depicted  in 
Figure  3.18  and  Figure  3.19.  The  figures  represent  the  mean  value  of  8  specimens  with 
the  standard  error  bars  and  the  coefficient  of  variation. 
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Figure  3.18:  Comparison  of  I-MOE  for  Optimized  and  Un-Modificd  Specimens  of  ASTM 

D3039 
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Figure  3.19:  Comparison  of  Ultimate  Strength  for  Optimized  and  Un-Modificd  Specimens 

of  ASTM  D3039 


The  results  of  the  optimized  specimens  showed  a  high  agreement  with  the 
rectangular-tabbed  specimens.  This  fact  indicated  that  the  ultimate  strength  was  not 
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highly  affected  by  the  failure  mode,  due  to  the  low  factor  of  stress  concentration  observed 
in  the  tab  termination  region  discussed  in  section  3.7. 

From  the  total  of  5  types  of  specimen  configurations  tested  to  calculate  the  in- 
planc  tensile  properties,  it  was  recommended  to  use  the  optimized  specimen 
configuration  for  the  material  used  in  the  study,  marine  grade  composites  with  woven 
fabric  reinforcement.  The  optimized  specimen  configuration  shown  in  Figure  3,17  gave 
repeatable  test  results  and  the  ratio  of  failure  in  the  gage  area  observed  was  larger  than  all 
the  other  types  of  specimen  configurations  tested.  In  addition,  the  gage  area  used  in  the 
optimized  specimen  was  large  enough  to  cover  at  least  two  weave  patterns  in  the  y- 
direction  and  three  weave  patterns  in  the  x-direction,  thus  giving  a  good  representation  of 
the  PMC  under  study.  The  dumbbell  shape  used  in  the  optimized  specimen  configuration 
promoted  the  test  to  be  conducted  without  the  use  of  tabs  in  the  grip  area. 
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Chapter  4:  Compression  Tests  for  Characterizing  Polymer 
Matrix  Composites  with  Woven  Fabric  Reinforcement 


4.1.  Introduction 

For  characterizing  polymer  matrix  composites  (PMC)  with  woven  fabric 
reinforcement  in  compression,  two  test  methods  were  selected.  The  first  test  method  was 
in  accordance  with  ASTM  D6641  and  is  under  the  jurisdiction  of  committee  D30  on 
composite  materials;  white  the  second  test  method  selected  was  in  accordance  with  the 
Suppliers  of  Advanced  Composite  Materials  Association  (SACMA)  SRM  ]  R 
recommended  test  method  (SACMA  SRM  I R-94,  1994).  The  method  was  derived  from 
ASTM  D695  which  is  under  the  jurisdiction  of  committee  D20  on  plastics  (ASTM  D695, 
1996).  The  test  method  in  accordance  with  SACMA  SRM  1  R  is  used  for  determining  the 
compression  properties  of  reinforced  plastics  by  pure  end-loading.  Conversely,  the  test 
method  in  accordance  with  D664 1  is  used  to  determining  the  compression  properties  of 
PMC  by  introducing  combined  end-  and  shear  loadings  (ASTM  D664 1/D664I M,  2001 ). 

A  literature  review  cites  different  papers  that  characterized  the  compression 
properties  of  PMC;  the  findings  of  these  papers  are  discussed  and  compared  with  the 
findings  of  the  study  presented  in  the  chapter.  The  test  methods  used  in  this  study  arc 
explained  in  the  following  sections  and  are  referenced  to  the  ASTM  standard  and 
SACMA  recommended  method.  Any  deviation  from  the  standard  are  explained  and 
justified.  The  specimen  configuration  used,  the  method  to  cut  the  specimens,  and  the 
specimen  preparation  before  testing,  arc  explained.  The  test  setup  and  instrumentation 
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systems  arc  presented;  the  problems  that  occurred  during  the  experimental  method 
conducted  arc  stated  and  discussed. 

An  experimental  mechanical  analysis  was  conducted  on  the  experimental  results 
of  the  test  methods  and  the  advantages  and  disadvantages  of  each  test  arc  discussed.  A  set 
of  conclusions  and  recommendations  are  presented  and  the  main  recommendation  is  a 
modified  compression  test  method  that  combines  the  advantages  of  each  test  method.  The 
modified  test  method  was  conducted  and  the  experimental  results  were  analyzed.  The 
results  from  the  test  methods  in  accordance  with  the  standards  and  the  modified  test 
method  that  were  recommended  from  the  study  conducted  on  these  tests  were  compared. 

4,2.  Background 

Various  compression  tests  arc  used  to  characterize  the  material  properties  of  a 
composite  material.  These  test  methods  have  been  modified  and  changed  over  the  years 
to  improve  the  results  calculated  and  reduce  the  uncertainty  of  the  testing  method. 
Recently,  the  ASTM  D30  committee  had  devised  a  standard  guide  for  testing  PMC 
materials  (ASTM  D4762,  2004).  For  characterizing  the  composite  material  compressive 
properties,  the  guide  recommended  four  ASTM  standards:  ASTM  D6641,  ASTM  D695, 
ASTM  D3410,  and  ASTM  D5467  (ASTM  D695,  1996;  ASTM  D6641/D664I M,  2001; 
ASTM  D3410/D3410M,  2003;  ASTM  D5467/D5467M,  2004).  It  was  commented  in  the 
ASTM  D4762  standard  that  the  D695  test  method  is  not  recommended  for  continuous 
fiber  composites  and  a  modified  version  of  the  D695  test  method  was  released  as  the 
SACMA  SRM  R1  test  method  (SACMA  SRM  1R-94,  1994),  but  the  standard 
recommended  the  use  of  ASTM  D6641  instead. 
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In  addition,  a  report  sponsored  by  the  United  States  Department  of  Transportation 
recommended  the  SACMA  SRM  R1  for  calculating  the  compressive  properties  of  PMC 
reinforced  with  unidirectional  tape  or  woven  fabric  (Tomblin,  Ng  et  al.,  2001).  The  report 
presented  a  qualification  plan  to  help  ensure  the  control  of  repeatable  base  material 
properties. 

A  more  recent  conference  proceeding  compared  the  various  test  methods  for 
compression  testing  (Wolfe  and  Weiner,  2004).  The  paper  describes  the  test  methods 
conducted  on  three  types  of  PMC  panels.  It  was  concluded  in  the  study  that  there  was  no 
difference  in  the  compressive  material  properties  between  the  SACMA  SRM  1 R  test 
method  and  ASTM  D6641  test  method.  In  addition,  the  paper  stated  that  ASTM  D695 
test  method  produced  a  lower  material  compressive  strength  than  the  lest  methods 
conducted  in  the  study. 

An  earlier  study  was  made  on  the  effect  of  the  specimen  gage  length  on  the 
material  compressive  properties  (Adams  and  Lewis,  1990).  This  study  used  two  test 
methods:  ASTM  D34I0  and  SACMA  SRM  1 R.  It  concluded  stating  that  the  measured 
compressive  strength  of  a  high-strength,  highly  orthotropic  composite  material  appeared 
to  be  independent  of  the  slenderness  ratio,  the  length  ratio  of  the  gage  section  to  the 
minimum  radius  of  gyration  of  the  cross-sectional  area. 

Note  that  the  literature  reviewed  did  not  illustrate  the  effect  of  the  fabric  used  to 
reinforce  the  PMC  on  the  type  of  test  conducted.  In  addition,  the  scale  of  the  woven 
fabric  used  was  not  related  to  the  specimen  configuration. 

This  chapter  addresses  two  compression  test  methods  that  were  used  to 
characterize  the  compression  material  properties  of  PMC  with  woven  fabric 
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reinforcement.  The  woven  fabric  was  marine  grade  fabric,  which  was  relatively  coarse 
compared  to  the  studies  cited  in  the  background.  The  compression  test  methods  used  are 
in  accordance  with  ASTM  D664I  (ASTM  D6641/D6641M,  2001)  and  in  accordance 
with  SACMA  SRM  I R  (SACMA  SRM  1R-94,  1994). 

4.3.  Compression  Test  in  Accordance  with  ASTM  D6641 

The  test  method  is  used  for  determining  the  compressive  strength  and  stiffness 
properties  of  PMC  using  a  combined  loading  compression  (CLC)  fixture.  The  load  is 
introduced  into  the  specimen  by  combined  end-  and  shear-loading  (ASTM 
D6641/D6641 M,  2001).  The  test  method  recommended  the  apparatus  needed  for 
measuring  the  specimen  and  conducting  the  experiment.  The  specimen  configuration  was 
also  stated  by  the  standard  and  a  limitation  for  the  gage  length  was  specified  by  the  use  of 
the  Euler  buckling  stress  for  the  tested  material.  The  procedure  for  conducting  the  test, 
measuring  the  strains  during  loading,  and  collecting  the  data  needed  to  obtain  the  PMC 
compressive  material  properties  was  explained  in  the  ASTM  standard. 

The  following  sections  explain  the  specimen  configuration,  the  apparatuses,  and 
procedures  used  for  conducting  the  compression  test  in  accordance  to  ASTM  D6641  in 
this  study.  Any  deviation  from  the  standard  is  stated  and  justified. 

4.3.  t.  Specimen  Preparation 

The  standard  recommended  at  least  5  specimens  to  be  tested  for  each  testing 
condition.  To  account  for  data  loss  during  testing  or  during  the  collection  of  experiment 
data,  8  specimens  were  used  in  the  testing  program  for  each  testing  condition.  Since  the 
fabric  in  the  panels  used  was  woven  fabric  with  an  unbalanced  weave:  55%  of  the  fabric 
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volume  in  the  warp  direction  and  45%  of  the  fabric  volume  in  the  fill  direction,  two  sets 
of  specimens  were  cut  from  each  panel.  One  set  represented  the  x-direction,  the  laminate 
principal  axis,  and  the  other  set  represented  the  y-direction,  orthogonal  to  the  laminate 
principal  axis.  The  cutting  tool  used  to  cut  the  specimens  from  the  panels  was  a  water- 
abrasive  jet  computer  numerically  controlled  (CNC)  machine. 

The  specimen  configuration  was  selected  according  to  the  standard 
recommendations.  The  specimen  length  was  1 39.7  mm  (5.5  in)  and  the  specimen  width 
was  19.05  mm  (0.75  in).  The  specimen  thickness  was  confined  to  be  the  same  as  the 
panel  thickness.  The  witness  panels  were  PMC  with  woven  fabric  reinforcement  with  an 
aerial  weight  of  8 1 7. 1 3  g/m2  (24. 1  oz/yd2);  the  panel  thickness  was  approximately  5.08 
mm  (0.2  in),  which  resulted  in  a  specimen  thickness  of  5.08  mm  (0.2  in).  A  2D-CAD 
drawing  of  the  specimen  used  in  this  test  and  the  specimen  dimensions  are  depicted  in 
Figure  4.1. 
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Figure  4.1:  D664I  Specimen  Configuration 

The  specimen  gage  length  was  12.7  mm  (0.5  in)  when  placed  in  the  loading 
fixture.  The  length  of  the  gage  section  was  checked  to  be  sufficient  to  rule  out  the  Euler 
column  buckling  of  the  specimen  by  the  use  of  equation  (4.1)  that  was  recommended  in 
the  standard  (ASTM  D6641/D6641M,  2001). 
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where: 


h  -  specimen  thickness,  mm  (in), 

lg  =  length  of  gage  section,  mm  (in), 

F*  =  expected  ultimate  compressive  strength,  MPa  (psi), 

Ef  =  expected  tlcxural  modulus,  MPa  (psi), 

Ge  =  through-thc-lhickncss  (inter-laminar)  shear  modulus,  MPa  (psi). 

The  expected  ultimate  compressive  strength,  expected  flexural  modulus,  and  the 
inter-laminar  shear  modulus  were  estimated  from  the  literature  on  PMC  with  woven 
fabric  reinforcement. 

The  specimens  were  conditioned  for  3  months  at  a  temperature  of  22  ±  3°C  (71.6 
±  5°F)  and  50  -t  3%  relative  humidity  in  accordance  with  procedure  C  of  ASTM  D5229 
(ASTM  D5229/D5229M,  2002)  prior  to  testing. 

The  specimen  width  and  thickness  were  measured  using  a  5  mm  (0. 19685  in) 
nominal  diameter  double-ball-interface  micrometer  at  three  random  locations  along  the 
gage  length  of  the  specimen  which  was  12.7  mm  (0.5  in).  The  micrometer  had  an 
accuracy  of  ±2.5  pm  (±0.0001  in).  The  measurements  were  recorded  and  the  average  area 
was  later  used  in  the  computation  of  the  compression  properties  of  the  material. 

Since  the  cutting  tool  introduced  a  taper  in  the  specimen  along  the  thickness,  the 
ends  of  the  specimens  were  machined  square  and  flat.  The  taper  angle  is  approximately  2 
or  3  degrees.  Machining  the  specimen  ends  was  necessary  to  prevent  end  crushing  of  the 
specimen  while  loading  was  applied. 
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As  recommended  by  the  standard,  the  loading  was  introduced  to  the  specimen  by 
using  a  CLC  fixture.  The  fixture  transferred  the  compression  load  applied  to  the  specimen 
into  a  combined  end  loading  and  shear  loading.  The  test  fixture  was  supplied  by 
Wyoming  Test  Fixtures  Inc.  and  was  originally  developed  at  the  University  of  Wyoming. 
The  fixture  consisted  of  two  metal  blocks  that  were  connected  to  each  other  by  a  pair  of 
rails.  The  specimen  ends  were  clamped  in  the  metal  blocks.  The  specimen  was  positioned 
in  the  fixture  such  that  the  specimen  ends  were  flush  with  the  metal  blocks;  and  the 
undamped  region  of  the  specimen  represented  the  specimen  gage  length.  A  partially 
disassembled  fixture  with  a  specimen  clamped  in  one  metal  block  is  represented  in  Figure 
4.1.  In  addition,  an  assembled  fixture  with  the  specimen  installed  is  also  represented  in 
the  same  figure. 


Figure  4.2:  D6641  CLC  Fixture  -  Assembled  and  Disassembled 


The  circular  recess  in  the  center  of  the  fixture  is  designed  for  using  an 
extensometer  to  measure  the  strain  of  the  specimen  as  the  load  is  applied.  For  this  study, 
a  3-D  digital  image  correlation  (DIC)  system  was  used  to  measure  the  strains.  Due  to  the 
way  the  fixture  is  designed,  the  cameras  of  the  DIC  system  were  able  to  view  the  edge  of 
the  specimen  gage  length  when  the  gage  length  was  12.7  mm  (0.5  in).  Therefore,  a 
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speckle  pattern  was  applied  to  the  specimen  surface  (edge  of  the  specimen)  that  would  be 
facing  the  digital  cameras.  The  pattern  was  applied  by  applying  a  white  base  first  and 
then  a  black  speckle  pattern.  The  pattern  was  consistent  with  the  specifications  needed  for 
the  D1C  system  to  recognize  the  patter  in  the  frame  of  view  that  covers  the  specimen 
region  of  interest. 

4.3,2.  Test  Setup 

The  specimen  was  installed  in  the  fixture  by  following  the  manufacturer’s 
instructions  provided.  When  the  specimen  was  installed,  the  specimen  ends  were  flush 
with  the  metal  blocks  as  seen  in  Figure  4.2  and  the  gage  length  was  not  supported  by  the 
fixture.  The  four  screws  of  each  metal  block  were  torqued  in  three  approximately  equal 
increments.  As  recommended  by  the  standard,  the  required  torque  depends  on  the 
thickness  of  the  specimen  (ASTM  D6641/D6641M,  2001).  Several  trials  were  required  to 
reach  an  acceptable  torque  that  was  sufficient  to  prevent  specimen  end  crushing  without 
inducing  stress  concentrations  that  might  lead  to  premature  failures.  A  torque  of  3.39  bi¬ 
nt  (30  in-lb)  was  sufficient  for  the  material  used  in  this  study  with  a  specimen  thickness 
of  approximately  5.08  mm  (0.2  in). 

The  CLC  fixture  was  placed  in  the  testing  frame.  The  testing  machine  was  a 
servo  controlled  hydraulic  machine  with  the  capability  of  controlling  the  velocity  of  the 
moving  head.  The  testing  machine  was  capable  of  indicating  the  total  load  being  carried 
by  the  test  specimen  with  a  maximum  capacity  of  100  kN  (22  kip).  The  testing  machine 
specifications  were  in  conformance  with  ASTM  Practices  E4  (ASTM  F4,  2002).  The 
load  was  applied  by  the  testing  machine  through  a  ball  bearing  used  to  remove  any 
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bending  forces  on  the  specimen  from  imperfections  in  the  frame  and  fixture.  The  use  of  a 
ball  bearing  was  recommended  by  A  STM  D6641. 

The  DIC  system  cameras  were  placed  in  front  of  the  fixture  with  the  specimen 
edge  facing  the  cameras.  The  cameras  were  then  calibrated  to  measure  strain  and 
displacement  in  the  volume  of  space  that  the  specimen  was  being  tested  in. 

The  test  was  conducted  at  a  compressive  loading  rate  of  0.6  mm/min  (0.0236 
in/min)  to  failure  of  the  specimen.  Each  test  elapsed  between  approximately  four  and  a 
half  minutes  and  five  and  a  half  minutes.  During  the  loading  process,  the  data  was 
collected  at  a  rate  of  approximately  1  hertz,  or  one  data  point  every  second.  Every  data 
point  collected  included  the  load  carried  by  the  specimen  as  measured  by  the  load  cell 
(the  load  sensing  unit)  of  the  testing  machine  and  the  full-field  strains  on  the  specimen 
edge  in  the  gage  length  as  seen  by  the  DIC  system.  A  typical  fi.il I -field  strain  in  the 
direction  of  the  load  applied  as  captured  by  the  DIC  system  of  a  D6641  compression 
specimen  is  shown  in  Figure  4.3. 


A  faint  rectangle  in  the  fore  ground  is  depicted  in  Figure  4.3.  This  rectangle 
represented  the  area  that  the  full- field  strains  were  exported  from  the  DIC  system.  The 
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strain  in  this  area  was  averaged  and  exported  as  one  data  point.  The  strains  exported  for 
each  data  point  were  the  longitudinal  strain,  which  was  in  the  direction  of  the  applied 
load,  and  the  transverse  strain,  which  was  orthogonal  to  the  longitudinal  strain  and 
through  the  specimen  thickness.  In  addition  to  the  strains,  each  data  point  had  the  value 
of  the  load  carried  by  the  specimen  at  that  instant. 

4.4.  Compression  Test  in  Accordance  with  SACMA  SRM  R1 

The  compression  test  used  in  this  study  was  in  accordance  with  the  SACMA  SRM 
Rl  recommended  test  method.  The  SACMA  recommended  test  method  was  derived  from 
ASTM  D695  and  covered  the  procedure  tor  the  determination  of  the  compressive 
properties  of  oriented  fiber- resin  composites  reinforced  by  continues  high  modulus  fibers 
(SACMA  SRM  1R-94,  1994).  The  ASTM  D695  standard  test  method  for  compressive 
properties  of  rigid  plastics  presented  the  method  of  determining  mechanical  properties  of 
reinforced  rigid  plastics  when  loaded  in  compression  (ASTM  D695,  1 996).  Referring  to 
the  ASTM  standard,  the  SACMA  recommended  test  method  described  the  procedure 
behind  conducting  the  test  and  calculating  the  composite  material  properties:  elastic 
compressive  modulus,  ultimate  compressive  strength,  and  in-plane  Poisson’s  ratio.  Any 
deviation  from  the  recommendation  is  noted  in  the  following  sections. 

4.4.1.  Specimen  Preparation 

Al  though  the  standard  recommended  the  use  of  at  least  5  specimens,  8  specimens 
were  used  for  each  testing  condition.  To  accommodate  the  loss  of  specimens  or  data 
through  the  testing  procedure,  8  specimens  were  used.  From  each  panel  two  sets  were 
cut,  eight  specimens  each.  Each  set  represented  either  the  x-direction  or  the  y-dircction  of 
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the  panel.  The  x-direction  was  along  the  laminate  principal  axis,  and  the  y-dircction  was 
orthogonal  to  the  laminate  principal  axis.  The  cutting  tool  used  to  cut  the  specimens  from 
the  panels  was  a  (CNC)  water-abrasive  jet. 

The  SACMA  standard  recommended  a  specimen  length  of  80.77  mm  (30. 1 8  in) 
and  a  width  of!2.7  mm  (0.5  in).  The  specimen  thickness  was  recommended  to  be 
3.05mm  (0.12  in)  but  the  panels  were  infused  with  8  layers  of  fabric  as  reinforcement  and 
the  total  laminate  thickness  was  approximately  5.08  mm  (0.2  in).  Therefore,  the  specimen 
thickness  was  not  in  accordance  with  the  recommendation  in  the  standard  and  was  5.08 
mm  (0.2  in).  The  specimen  dimensions  arc  shown  on  a  2D-CAD  drawing  of  the  specimen 
in  Figure  4.4 
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Figure  4.4:  SACMA  SRM  1 R  Specimen  Configuration 


The  specimens  were  stored  in  a  conditioning  chamber  for  3  months  at  a 
temperature  of  22  ±  3°C  (71.6  ±  5°F)  and  50  ±  3%  relative  humidity.  While  testing  the 
specimens,  the  testing  room  was  climate  controlled  at  room  temperature  (22°C)  and 
relative  humidity  of  50%. 

Two  specimen  types  were  recommended  by  the  SACMA  standard  to  measure  the 
modulus  of  elasticity  and  the  ultimate  strength.  An  un-tabbed  specimen  used  to  measure 
the  modulus  of  elasticity  and  a  tabbed  specimen  used  to  measure  the  ultimate  strength. 
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This  procedure  was  recommended  due  to  the  difficulty  of  using  a  strain  measurement 
device  on  the  tabbed  specimens  when  loading  it  to  failure  since  the  distance  between  the 
tabs  is  smaller  than  any  conventional  strain  measuring  device,  approximately  4.75  mm 
(0. 188  in).  On  the  other  hand,  the  un-tabbed  specimen  could  not  be  loaded  to  failure  since 
the  ends  of  the  specimen  would  crush.  Since  the  3-D  DIC  system  was  used  to  measure 
the  strains  as  the  specimen  was  loaded,  the  test  was  conducted  with  the  use  of  one 
specimen  to  measure  both  properties:  the  modulus  of  elasticity  and  the  ultimate  strength. 

In  order  to  carry  out  the  test  to  failure,  a  tabbed  specimen  was  used.  The  tabbing 
material  used  was  a  cross-ply  E-glass/Epoxy  composite  known  as  G1 1  and  used  mainly 
for  electric  boards.  The  tabs  had  a  length  of  38. 1  mm  ( 1 .5  in)  and  the  same  width  as  the 
specimen  with  a  thickness  of  1.575  mm  (0.062  in).  The  tabs  material  and  dimensions 
agreed  with  the  recommendations  of  the  standard, 

An  80  grit  sand  paper  was  used  to  roughen  the  surface  where  the  tabs  had  to  be 
bonded,  and  a  degreaser  was  used  to  remove  any  residue  of  mold  release  from  the  panel 
manufacturing  process  and  any  dust  particles  to  improve  the  bond  of  the  tab  to  the 
specimen.  The  tabs  were  bonded  to  the  specimen  with  Plio-Grip  7770,  a  structural 
adhesive.  The  adhesive  was  mixed  and  applied  in  a  climate  controlled  room  with  a 
temperature  of 20°C  and  relative  humidity  of  50%  to  insure  curing  of  the  adhesive.  The 
tabs  were  clamped  and  left  overnight  at  the  same  temperature  and  relative  humidity  to 
cure.  A  3D-CAD  drawing  represents  a  tabbed  specimen  in  Figure  4.5. 
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Figure  4.5:  3D-CAD  Drawing  of  a  SACMA  SRM  1  R  Tabbed  Specimen 

After  the  specimens  were  tabbed,  the  ends  of  the  specimens  were  machined 
parallel  and  square.  In  addition,  to  insure  flat  faces  of  the  tabbed  specimen,  the  faces  of 
the  specimen  were  also  machined  parallel  and  square.  The  process  of  preparing  the 
specimen:  tabbing  and  machining,  was  very  time  consuming. 

The  specimens’  width  and  thickness  were  measured  using  a  5  mm  (0. 19685  in) 
nominal  diameter  double-ball-interfacc  micrometer  at  three  random  locations  along  the 
specimen  gage  length  which  was  4.75  mm  (0. 1 88  in).  The  micrometer  had  an  accuracy  of 
±2.5  pm  (±0.0001  in).  The  measurements  were  recorded  and  the  average  area  was  later 
used  in  the  computation  of  the  compression  properties  of  the  material. 

A  3-D  DIC  system  was  used  to  measure  the  strain  on  the  specimen  surface  as  the 
load  was  applied.  Similar  to  the  previous  compression  test,  in  accordance  to  ASTM 
D6641,  the  cameras  of  the  DIC  system  were  able  to  view  the  specimen  edge  due  to  the 
design  of  the  fixture  used  to  hold  the  specimen  during  loading.  Therefore,  a  speckle 
pattern  was  applied  on  one  edge  of  the  specimen.  The  pattern  was  created  by  applying  a 
white  base  first  and  then  a  black  speckle  pattern.  The  pattern  was  consistent  with  the 
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specifications  needed  for  the  DIC  system  to  recognize  the  pattern  in  the  frame  of  view 
that  covers  the  specimen  region  of  interest. 

4.4.2.  Test  Setup 

The  specimen  was  installed  in  a  test  fixture  that  was  supplied  by  Wyoming  Test 
Fixtures  Inc.  The  test  fixture  was  made  of  two  parallel  V-groovcd  plates.  The  plates 
supported  the  specimen  with  little  friction  due  to  the  grooves.  The  specimen  was 
supported  in  such  a  way  to  resist  buckling  when  the  specimen  was  end  loaded  in  a 
vertical  plane  (SACMA  SRM  1R-94,  1994).  The  SACMA  standard  recommended 
mounting  the  specimen  in  the  fixture  by  torquing  the  bolts  to  0.7  -0.1  N-m  (6-10  in-lb), 
but  the  bolts  were  fixed  by  finger  tight  torquing  which  was  in  accordance  with  the  ASTM 
D695  standard  (ASTM  D695,  1996).  A  disassembled  fixture  and  a  fixture  with  a 
specimen  installed  in  it  arc  depicted  in  Figure  4.6. 


Figure  4.6:  SACMA  SRM  RI  Fixture 
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The  fixture  was  then  placed  in  the  testing  machine  such  that  the  speckled  edge 
was  facing  the  D1C  system  cameras.  The  cameras  were  then  calibrated  to  measure  strain 
and  displacement  in  the  volume  of  space  that  the  specimen  was  being  tested  in. 

The  testing  machine  used  was  a  hydraulic  machine  with  the  capability  of 
controlling  the  velocity  of  the  moving  head.  The  testing  machine  was  capable  of 
indicating  the  total  load  being  carried  by  the  test  specimen.  The  specifications  of  the 
testing  machine  were  in  conformance  with  ASTM  Practices  E4  (ASTM  E4,  2002).  The 
load  was  applied  by  the  testing  machine  through  a  ball  bearing  used  to  remove  any 
bending  forces  on  the  specimen  from  imperfections  in  the  frame  and  fixture.  The  use  of  a 
ball  bearing  was  recommended  by  ASTM  D695.  The  test  fixture  with  the  specimen 
placed  in  the  testing  frame  and  loaded  by  the  ball  bearing  with  the  cameras  capturing 
images  is  shown  in  Figure  4.7. 


Test  Fixture 


Specimen 


Figure  4.7:  Testing  of  a  SACMA  SRM  1 R  Specimen 
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The  test  was  conducted  at  a  compressive  loading  rate  of  0.6  mm/min  (0.0236 
in/m  in)  to  failure  of  the  specimen.  Each  test  lasted  between  approximately  two  minutes 
and  three  minutes.  During  the  loading  process,  the  data  was  collected  at  a  rate  of 
approximately  1  hertz,  or  one  data  point  every  second.  Every  data  point  collected 
included  the  load  carried  by  the  specimen  as  measured  by  the  testing  machine  load  cell 
(the  load  sensing  unit)  and  the  full-field  strains  on  the  specimen  edge  in  the  gage  length 
as  seen  by  the  DIC  system.  A  typical  full-field  strain  in  the  direction  of  the  load  applied 
as  captured  by  the  DIC  system  of  a  SACMA  SM  R1  compression  specimen  is  shown  in 
Figure  4.8. 


Figure  4.8:  Full  Field  Strain  of  a  SACMA  SRM  IR  Specimen 


A  faint  rectangle  in  the  fore  ground  is  depicted  in  Figure  4.8.  This  rectangle 
represented  the  area  that  the  fill  I -field  strains  were  exported  from  the  DIC  system.  The 
strain  in  this  area  was  averaged  and  exported  as  one  data  point.  The  strains  exported  for 
each  data  point  were  the  longitudinal  strain,  in  the  direction  of  the  applied  load,  and  the 
transverse  strain,  orthogonal  to  the  longitudinal  strain  and  through  the  specimen 
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thickness.  In  addition  to  the  strains,  each  data  point  had  the  value  of  the  load  carried  by 
the  specimen  at  that  instant. 

4.5.  Stress-Strain  Representation 

Using  the  data  exported  from  the  DIC  system,  in  addition  to  the  measured  average 
area  of  the  specimen  and  the  calibration  factor  of  the  load  cell  (the  load  sensing  unit  of 
the  testing  machine),  a  stress-strain  curve  was  formed  for  each  specimen.  The  standard 
recommended  calculating  the  compressive  modulus  of  elasticity  of  the  material  by 
considering  the  stress-strain  relation  in  a  specific  range.  In  this  range,  the  chord  of  the 
curve  was  recommended  to  be  used  as  the  laminate  compressive  modulus.  The  strain 
range  of  25%  and  50%  of  the  ultimate  strain  was  recommended  to  be  used. 

Observing  the  stress-strain  curves  for  the  compression  specimens  used  in  this 
study,  it  was  noticed  that  the  curves  were  slightly  non-linear  and  more  than  one  linear 
range  was  found.  Therefore,  a  bi-lincar  representation  of  the  stress-strain  curve  was 
adopted,  similar  to  the  tensile  stress-strain  representation  discussed  in  Chapter  3.  The 
material  was  then  classified  to  have  an  initial  modulus  of  elasticity  and  a  final  modulus  of 
elasticity. 

The  data  was  analyzed  by  a  program  code  written  using  Matlab  programming 
language  (Appendix  B.2).  The  code  used  the  load  data  and  strain  data  to  generate  the 
stress-strain  curve.  Then  two  regions  were  selected  from  the  curve:  the  first  region  lay 
between  5%  and  20%  of  the  ultimate  strain  and  the  second  region  lay  between  60%  and 
90%  of  the  ultimate  strain.  For  each  region,  the  least  square  error  approach  was  used  to 
estimate  a  linear  relation  of  the  data.  The  slope  of  the  linear  function  was  taken  to  be  the 
modulus  of  elasticity.  The  intersection  point  of  the  two  linear  functions  was  considered 
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the  transition  point  from  the  initial  region  to  the  final  region.  The  Poisson’s  ratio  was 
calculated  in  accordance  with  ASTM  El  32.  Two  Poisson’s  ratios  were  found  for  each 
stress-strain  curve:  a  Poisson’s  ratio  for  the  initial  region  and  a  Poisson's  ratio  for  the 
final  region.  The  Poisson’s  ratio  was  calculated  to  be  the  ratio  of  the  modulus  of  elasticity 
calculated  using  the  transverse  strain  to  the  modulus  of  elasticity  calculated  using  the 
longitudinal  strain  (ASTM  E132,  1997).  Note  that  the  transverse  strain  measured  was 
through  the  specimen  thickness. 

A  typical  stress-strain  curve  of  a  compression  test  and  its  modeled  bi-linear  curve 
are  shown  in  Figure  4.9.  The  values  of  the  initial  modulus,  final  modulus,  Poisson’s  ratio, 
ultimate  point,  and  transition  point  are  indicated  in  Figure  4.9. 
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A2-C1X-16 


Figure  4.9:  Modeled  Compression  Stress-Strain  Curve 

4.6.  Discussion  of  the  Experimental  Results 

The  compression  tests  were  conducted  on  two  sets  of  panels,  manufactured  using 
two  different  batches.  The  first  batch  was  used  to  infuse  a  25.4  mm  (1  in)  thick  panel  and 
simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel,  which  acted  as  a  witness  panel  for 
the  25.4  mm  ( l  in)  thick  panel.  Similarly,  the  second  batch  was  used  to  infuse  a  12.7  mm 
(0.5  in)  thick  panel  and  simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel  which  acted 
as  a  witness  panel  for  the  1 2.7  mm  (0.5  in)  thick  panel.  For  each  batch,  three  fiber  lay-ups 
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were  adopted:  [0]4Sf,  [0/90]2Sf,  and  [0/±45/0]sf.  Therefore,  there  were  two  panels  for  each 
fiber  lay-up  that  had  the  same  thickness  but  were  infused  with  a  different  batch  and  at 
different  environmental  conditions. 

A  set  of  8  specimens  was  tested  for  each  direction  in  each  panel.  Having  a  total  of 
6  witness  panels,  12  sets  of  results  were  computed.  The  following  charts  summarize  the 
experimental  results  obtained  from  the  compression  tests  conducted  on  the  panels.  Each 
chart  has  the  mean,  standard  deviation,  and  coefficient  of  variation  of  the  material 
property  of  the  panels.  Two  material  properties  are  only  presented:  the  initial  modulus  of 
elasticity  and  the  ultimate  strength.  The  results  of  each  direction  arc  presented  on  separate 
charts.  The  experimental  results  of  every  two  witness  panels  with  the  same  lay-up 
sequence  are  presented  by  two  adjacent  bars.  The  complete  material  properties  calculated 
for  all  the  specimens  tested  arc  presented  in  Appendix  C.2. 

Each  panel  had  two  orthogonal  directions:  x-dircction  and  y-dircction,  where  the 
x-dircction  is  the  laminate  principal  axis. 
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Figure  4. 10:  Compressive  Initial  Modulus  of  Elasticity  (x-Direction) 
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Figure  4.11:  Compressive  Ultimate  Strength  (x-Direction) 
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Figure  4.12:  Compressive  Initial  Modulus  of  Elasticity  (y-Direetion) 
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Figure  4, 1 3:  Compressive  Ultimate  Strength  (y-Direction) 
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Further  analysis  of  the  experimental  results  was  carried  on  by  normalizing  the 
results  to  one  thickness  as  part  of  reducing  the  variability  caused  by  the  thickness 
variation  through  the  panel.  The  normalization  process  and  the  normalized  results  arc 
presented  in  section  7.3. 1 .  In  addition,  the  normalized  results  from  both  compression  test 
methods  were  compared  using  a  statistical  tool  to  verify  the  significance  of  difference 
between  the  two;  a  similar  approach  was  conducted  on  normalized  results  from  both 
batches.  The  statistical  comparison  is  presented  in  section  7.3.2. 

4.7.  Conclusion 

One  of  the  common  disadvantages  for  both  the  test  methods,  was  the  strain  field 
viewed  by  the  DIC  cameras.  As  mentioned  in  the  test  setup  of  each  test  method,  the 
cameras  were  able  to  view  the  edge  of  the  specimen  due  to  the  configuration  of  the 
fixtures.  Therefore,  the  full-field  strain  captured  by  the  DIC  system  was  through  the 
specimen  thickness  and  the  area  of  the  strain  was  confined  to  5.08  mm  by  the  specimen 
width  and  to  the  length  of  the  specimen  gage  section.  In  addition,  when  exporting  the 
strains  from  the  DIC  system,  the  areas  selected  did  not  include  the  whole  area  of  the 
strain  field.  As  a  result,  the  area  used  to  compute  the  material  compression  properties  did 
not  have  a  sufficient  representation  of  the  material  under  study. 

The  DIC  system  captured  strain  concentrations  in  the  specimens  of  both  test 
methods.  These  strain  concentrations  can  be  translated  to  stress  concentrations.  The  stress 
concentration  in  a  D6641  specimen  is  depicted  in  Figure  4. 1 4,  and  the  stress 
concentration  in  a  SRM  1R  specimen  is  depicted  in  Figure  4.15. 
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Figure  4.14:  Strain  Concentration  in  a  D6641  Specimen 


Figure  4.15:  Strain  Concentration  in  a  SACMA  SRM  1R  Specimen 


The  strain  concentrations  are  justified  by  the  small  length  of  the  gage  sections. 
The  gage  length  of  the  D6641  specimen  was  12.7  mm  (0,5  in)  and  the  gage  length  of  the 
SRM  1R  specimen  was  4.75mm  (0.188  in).  The  woven  fabric  used  in  the  composite 
under  study  had  a  tow  spacing  of  5. 1  mm  (5  tows  per  inch)  in  the  warp  direction  and  6.35 
mm  (4  tows  per  inch)  in  the  fill  direction,  producing  an  unbalanced  weave.  A  schematic 
representation  of  the  woven  fabric  used  is  depicted  in  Figure  4.16. 
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Figure  4.16:  Weave  Pattern  Schematic 


The  tow  pattern  of  the  fabric  repeated  every  12.7  mm  (0,5  in)  in  the  warp 
direction  and  every  10. 16  mm  (0.4  in)  in  the  fill  direction.  The  patterns  of  the  weave  arc 
presented  in  Figure  4. 1 7  for  both  the  warp  and  fill  directions. 


Figure  4.17:  Fabric  Weave  Pattern  in  the  Warp  and  Fill  Direction 
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Therefore,  with  a  gage  length  of  12.7  mm  (0.5  in),  for  the  D6641  specimen,  the 
gage  section  contained  approximately  2  or  214  tows  and  in  some  cases  the  tow  was  under 
the  clamping  edge  of  the  specimen,  barely  covering  one  weave  pattern.  More  severely 
were  the  strain  concentrations  in  the  SRM  1 R  specimens.  Since  the  gage  length  of  that 
specimen  was  4.75mm  (0.188  in),  the  gage  length  contained  approximately  one  tow  or 
part  of  a  tow  and  in  some  cases  it  contained  a  gap  between  two  tows.  Such  small  gage 
lengths  did  not  properly  represent  the  composite  under  study.  Consequently,  the  small 
gage  section  could  have  confined  the  specimen  from  failing  properly,  especially  with 
such  a  small  number  of  tows  in  the  gage  section.  Such  a  failing  process  over  estimated 
the  ultimate  strength  value  as  discussed  in  section  4.8.2. 

Since  the  SRM  1 R  specimen  was  very  time  consuming  to  prepare  prior  to  testing, 
a  modification  for  the  D6641  specimen  was  recommended.  In  addition,  since  the  fixture 
of  the  SACMA  SRM  I R  test  method  did  not  allow  for  the  possibility  of  increasing  the 
length  of  the  specimen,  the  D6641  test  method  was  selected  for  modification. 

4.8.  Recommendations 

4.8.1.  Modifications  Recommended  for  the  ASTM  D6641  Test  Method 

One  of  the  major  set  backs  in  both  the  test  methods  conducted  was  the  specimen 
surface  that  the  DIC  cameras  were  unable  to  view.  In  both  tests,  the  cameras  viewed  the 
specimen  edge,  which  was  relatively  small  to  represent  the  PMC  with  woven  fabric 
reinforcement  under  study.  Therefore,  in  the  modified  test  method  of  ASTM  D6641  the 
cameras  were  placed  in  such  a  way  to  view  the  front  specimen  surface. 
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The  specimen  width  was  increased  from  19.05  mm  (0.75  in)  to  25.4  mm  (1  in)  to 


increase  the  area  viewed  by  the  DIC  cameras  and  to  include  more  of  the  fabric  weave 
pattern.  The  increased  width  was  the  maximum  possible  width  that  can  be  incorporated  in 
the  D664I  CLC  fixture.  After  increasing  the  specimen  width,  the  need  to  increase  the 
gage  length  was  desired.  Increasing  the  gage  length  was  desired  to  obtain  a  good 
representation  of  the  material  under  study.  A  proper  representation  of  the  PMC  with 
woven  fabric  reinforcement  is  to  include  at  lease  three  weave  patterns  in  the  gage  section; 
the  edge  patterns  are  affected  by  the  boundary  conditions,  thus,  leaving  the  middle 
pattern  unaffected  by  outside  conditions.  In  order  to  increase  the  gage  length,  an  Euler 
buckling  check  was  conducted  on  the  material  for  all  three  fiber  lay-ups  to  prevent 
buckling  induced  failure  in  the  specimen  while  testing.  Two  equations  were  used  to  check 
for  buckling  (Adams  and  Lewis,  1990).  One  equation  governed  by  the  material  ultimate 
stress  and  is  shown  in  equation  (4.2).  Another  equation  governed  by  the  material  ultimate 
strain  and  is  shown  in  equation  (4.3). 


(4.2) 


where: 

Lg  =  length  of  gage  section,  mm  (in), 

t  =  specimen  thickness,  mm  (in), 

Eu  =  compressive  modulus  of  elasticity,  MPa  (psi), 

Fic  =  ultimate  compressive  strength,  MPa  (psi), 

G]3  -  inter-laminar  shear  modulus,  MPa  (psi), 

K  =  constant  depending  on  the  degree  of  constraint  of  the  column 
K  =  I  when  the  column  ends  are  pinned  (free  to  rotate) 

K  =  !4  when  the  column  ends  arc  clamped  (restrained  against  rotation) 
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(4.3) 
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where: 

L  =  length  of  gage  sect  ion,  mm  (in), 

t  =  specimen  thickness,  mm  (in), 

Eu  =  compressive  modulus  of  elasticity,  MPa  (psi), 
eiC  =  ultimate  compressive  strain,  mm/mm  (in/in), 

Gjj  -  inter-laminar  shear  modulus,  MPa  (psi), 

K  =  constant  depending  on  the  degree  of  constraint  of  the  column 
K  =  1  when  the  column  ends  are  pinned  (free  to  rotate) 

K  —  Vz  when  the  column  ends  are  clamped  (restrained  against  rotation) 


Using  equation  (4.2),  equation  (4.3),  and  the  material  properties  obtained 
previously  from  the  testing  program,  the  gage  lengths  were  calculated  for  each  fiber  lay¬ 
up,  Two  assumptions  were  made  for  calculating  the  gage  lengths.  The  inter-laminar  shear 
modulus,  Gn,  was  assumed  to  be  equal  to  the  in-plane  shear  modulus,  Gij.  This 
assumption  was  made  since  the  inter-laminar  shear  modulus  of  the  material  under  study 
was  not  available;  and  assuming  the  latter  equal  to  the  in-plane  shear  modulus  gave 
conservative  results  for  the  gage  section  length.  In  addition,  the  column  constraints  were 
assumed  to  be  pinned.  Such  an  assumption  was  also  conservative  and  gave  smaller  values 
of  the  gage  length  than  assuming  the  ends  of  the  column  clamped.  The  calculated  lengths 
for  the  different  fiber  lay-ups  and  direction  of  loadings  are  presented  in  Table  4. 1 . 
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Table  4.1:  Length  of  Gage  Section  of  Modified  D664I  Specimen 


Fiber  Lay-up 

[(0w/90f)]4! 

[«V90f)/«V90w)]3s 

[(0w/90f)/±(45w/-45f)W9Of)], 

Direction  of 

Loading 

x-Direction 

y-Direction 

x-Direction 

y-Direction 

x-Direction 

y-Direction 

Gage  Length 

(Li Inmate  Stress) 

36J82  mm 

<1.424  in) 

35.292  mm 

(1.389  in) 

34.828  mm 

(1.371  in) 

34.806  mm 

(1.370  in) 

37.276  mm 

(1.468  in) 

38.857  mm 

(1.530  in) 

Gage  Length 

(Ultimate  Strain) 

34.936  mm 

(1J75  in) 

34.094  mm 

(1.342  in) 

33,455  mm 

<1.317  in) 

34.006  mm 

(1,339  in) 

35.162  mm 

(1.384  in) 

35.899  mm 

(1,413  in) 

Since  the  two  assumptions  used  for  the  calculation  of  the  gage  section  length  were 
conservative,  the  latter  was  chosen  to  be  30.48  mm  ( 1 .2  in). 

Therefore,  the  modification  to  the  ASTM  D6641  specimen  was  increasing  the 
gage  section  length  from  12.7  mm  (0.5  in)  to  30.48  mm  { 1.2  in)  and  the  gage  section 
width  from  19.05  mm  (0.75  in)  to  25.4  mm  (I  in),  thus  incorporating  as  much  of  fabric 
weave  patterns  as  possible.  The  modified  D664 1  specimen  configuration  is  depicted  in 
Figure  4. 18. 


157,48  nn 


85,4  ron 

Figure  4, 18:  Modified  D6641  Specimen  Configuration 
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4.8.2.  Discussion  of  the  Experimental  Results  of  the  Recommended 

Modifications 

The  test  was  conducted  similar  to  the  ASTM  D6641  test  method  described  in 
section  4,3.2,  except  that  the  DIC  cameras  were  facing  the  specimen  front  face  as 
discussed  in  the  previous  section.  The  test  was  conducted  on  only  one  panel  in  two 
directions.  The  pane!  was  from  batch  1  and  had  [0]4Sf  for  the  fiber  lay-up  sequence. 

A  comparison  of  the  experimental  results  between  the  specimens  tested  in 
accordance  with  ASTM  D6641,  described  in  section  4.3,  and  the  modified  specimens  of 
the  same  test  method  is  shown  in  Figure  4.19  and  Figure  4.20.  The  charts  compare  the 
initial  modulus  of  elasticity  and  ultimate  strength  of  the  two  tests  and  present  the  means 
and  coefficient  of  variations.  In  addition,  the  standard  deviation  error  bars  are  depicted  in 
the  charts. 


B  Un  -  Mod  i  fied  Speci  men  □  Mod  i  fied  Specimen 
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Figure  4.19:  Comparison  of  Results  for  Modified  and  Un-Modificd  Specimens  of  ASTM 

D6641  (I-MOE) 
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□  U  n  -Mod  i  fied  5  pec  i  men  □  Modified  Speci  me  n 
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Figure  4.20:  Comparison  of  Results  for  Modified  and  Un-Modified  Specimens  of 

ASTM  D664I  (U.  Strength) 


As  observed  in  the  charts,  the  coefficient  of  variation  has  improved  in  the 
calculated  results  of  the  initial  modulus  of  elasticity  when  testing  the  modified  specimen. 
The  improvements  in  the  results  of  the  initial  modulus  of  elasticity  were  contributed  to 
the  change  in  the  surface  viewed  by  the  DIC  cameras.  Instead  of  viewing  the  edge  of  the 
specimen,  the  cameras  viewed  the  front  surface  of  the  specimen  which  was  larger  and 
better  represents  the  material. 

Conversely,  the  coefficient  of  variation  of  the  ultimate  strength  did  not  improve. 
This  can  be  explained  by  the  fact  that  the  fixture  was  constraining  the  specimen  from 
failing  normally;  the  fixture  introduced  more  consistency  in  the  ultimate  strength 
calculated  compared  to  having  the  specimen  failing  normally.  In  addition,  the  ultimate 
strength  calculated  for  the  modified  specimen  had  lower  values  than  the  un-modified 
specimen.  Similarly,  this  can  be  explained  by  the  constraint  the  fixture  introduced  on  the 
gage  delaying  the  failure  of  the  specimen  and  causing  the  over  estimation  of  the  ultimate 
strength  of  the  material. 
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The  modifications  recommended  for  the  compression  test  improved  the 
experimental  results.  With  the  help  of  the  DIC  system  these  recommendation  were 
suggested  and  proven  to  enhance  the  testing  method  for  obtaining  the  compressive 
materia]  properties  of  PMC  with  woven  fabric  reinforcement.  Further  testing  can  be 
conducted  on  other  lay-ups  to  prove  the  validity  of  the  recommendations  based  on  these 
lay-ups. 
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Chapter  5:  Shear  Tests  for  Characterizing  Polymer  Matrix 


Composites  with  Woven  Fabric  Reinforcement 

5.1.  Introduction 

Shear  properties  of  polymer  matrix  composite  (PMC)  reinforced  with  woven 
fabric  were  calculated  using  two  American  Society  for  Testing  and  Materials  (ASTM) 
standard  tests.  This  chapter  introduces  the  literature  behind  the  different  studies 
conducted  on  obtaining  the  shear  properties  of  PMC  materials  and  the  issues  related  to 
the  testing  process  and  specimen  configuration. 

The  two  tests  selected  are  in  accordance  with  ASTM  standard  test  methods,  The 
first  was  in  accordance  with  ASTM  D4255  which  is  under  the  jurisdiction  of  ASTM 
committee  D30  on  composite  materials  (ASTM  D4255/D4255M,  2002).The  second  test 
method  was  in  accordance  with  ASTM  D5379  which  is  also  under  the  jurisdiction  of 
ASTM  committee  D30  on  composite  materials  (ASTM  D5379/D5379M,  1999).  The 
main  difference  between  the  two  test  standards  is  the  size  of  the  specimen  and  the  size  of 
the  gage  section. 

The  different  techniques  used  to  conduct  the  test  are  explained  in  the  following 
sections.  The  specimen  configuration  used  for  each  test,  the  specimen  preparation,  the 
process  of  collecting  the  data,  and  the  analyzing  techniques  arc  all  explained  and 
compared  to  the  recommendations  of  the  standards.  Any  deviation  from  the  standard  is 
noted  and  justified. 

Once  the  results  from  each  test  standard  were  collected,  they  were  compared  to 
one  another.  An  experimental  mechanical  analysis  was  employed  to  make  the 
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comparison  between  the  two  sets  of  experimental  results.  Recommendations  conclude  the 
chapter  and  the  advantages  and  disadvantages  of  each  test  method  used  in  this  study  are 
stated. 

5.2.  Background 

Several  test  methods  have  been  used  to  obtain  the  shear  properties  of  a  fiber 
reinforced  PMC.  One  of  the  main  obstacles  faced  when  these  test  methods  were 
conducted  was  the  inability  to  induce  a  uniform  shear  state.  A  standard  guide  for  testing 
PMC  materials  supplied  by  ASTM  recommended  three  test  methods  for  calculating  the 
in-planc  shear  properties  of  the  composite  material  (ASTM  D4762,  2004).  The  tests 
were:  the  v-notch  specimen  method  ASTM  D5379,  the  rail  shear  method  ASTM  D4255, 
and  the  tensile  test  of  [±45]  lay-up  ASTM  D3518  (ASTM  D5379/D5379M,  1999;  ASTM 
D3518/D3518M,  2001;  ASTM  D4255/D4255M,  2002).  It  was  noted  in  the  ASTM  D4762 
standard  that  the  tensile  test  of  [±45]  laminate  was  limited  to  panels  with  [±45]  fiber  lay¬ 
up.  As  for  the  two  standards  selected  for  this  study,  it  was  noted  that  the  v-notch 
specimen  method  was  recommended  where  stress-strain  data  is  required  and  that  it  gave 
accurate  modulus  measurements  for  laminates  of  the  [0/90]  family;  while,  it  was  noted 
that  the  three-rail  method  was  a  difficult  test  to  run. 

A  theoretical  and  experimental  analysis  of  the  rail  shear  test  method,  presented  in 
a  journal  paper  (Whitney,  Stansbarger  et  al.,  1971),  stated  that  the  most  idealized  means 
of  measuring  the  in-planc  shear  properties  of  a  material  was  by  torquing  a  tubular 
specimen.  But  due  to  the  difficulties  that  accompanied  preparing  tubular  specimen,  a  flat 
specimen  was  preferred.  The  paper  concluded  that  a  uniform  shear  stress  state  was 
produced  in  the  gage  section  at  a  short  distance  away  from  the  free  edges,  for  rail 
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specimens  having  the  ratio  of  the  specimen  length  to  the  gage  section  width  less  than  or 
equal  to  ten. 

A  study  was  conducted  to  improve  the  measurement  of  strain  between  the  notches 
of  a  v-notch  shear  specimen  (Ifju,  1994).  The  study  presented  a  new  type  of  strain  gage 
that  covers  the  entire  section  between  the  notches  and  averages  the  shear  strain  across  this 
section.  The  article  concluded  that  a  benefit  of  the  strain  gage  was  that  it  accounts  for 
non-uniform  and  impure  shear  distributions.  In  addition,  since  the  strain  gage  covers  a 
large  area,  it  made  it  an  effective  method  to  measure  shear  strains  for  laminated  and 
textile  composite  materials. 

The  short  beam  shear  method  ASTM  D2344,  the  v-notch  shear  method  ASTM 
D5379,  the  axial  tension  of  a  [±45]  laminate  method  ASTM  D35 18,  and  the  two-rail 
shear  test  method  ASTM  D4255,  were  selected  for  a  study  to  assess  the  different  shear 
test  methods  (Adams  and  Lewis,  1997).  The  paper  concluded  that  of  the  four  ASTM 
shear  test  methods  evaluated,  the  v-notch  shear  test  method  appeared  to  have  the  best 
results.  It  was  also  observed  in  the  paper  that  the  rail  shear  test  offered  the  possibility  of  a 
pure  shear  stress  state  similar  to  the  v-notch  shear  test  method. 

Both  the  v-notch  shear  test  method  ASTM  D5379  and  the  short  beam  shear  test 
method  ASTM  D2344  were  recommended  as  part  of  a  testing  program  for  material 
qualification  of  PMC  material  systems  (Tomblin,  Ng  et  al.,  2001). 

The  v-notch  shear  test  method  ASTM  D5379  was  used  to  evaluate  the  shear 
material  properties  of  a  unidirectional  hybrid  composite.  The  study  showed  that  the  v- 
notch  test  method  exhibits  a  limited  region  having  a  reasonable  pure  and  uniform  strain 
state  between  the  notches.  The  paper  stated  that  the  v-notch  test  was  effective  for  the 
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evaluation  of  the  shear  modulus,  but  not  for  the  shear  strength  ofthc  hybrid  composite 
{He,  Chiang  et  al.,  2002). 

5.3.  Shear  Test  in  Accordance  with  ASTM  D4255 

Two  procedures  were  recommended  in  the  standard:  two- rail  shear  test  and  three- 
rail  shear  test.  The  three-rail  shear  test  procedure  was  selected  for  the  study  and  is 
addressed  in  the  chapter.  The  three-rail  shear  test  was  selected  over  the  two-rail  shear  test 
due  to  the  balance  that  the  three-rail  test  fixture  provides  on  the  specimen  and  since  the 
off  axis  load  of  the  two-rail  method  introduces  small  tensile  load  in  the  specimen  while 
during  loading  (ASTM  D4255/D4255M,  2002). 

The  three-rail  shear  method  utilized  a  three-rail  fixture  that  was  made  from  three 
rails  parallel  to  each  other.  The  rails  secure  the  specimen,  a  fiat  panel.  The  edge  rails 
were  supported  by  the  fixture  base  and  the  load  was  applied  on  the  center  rail.  The 
applied  loading  to  he  three-rail  fixture  produced  almost  pure  shear  in  the  two  gage 
sections  of  the  specimen.  Note  that  a  perfectly  pure  shear  stress  condition  was  hard  to 
achieve  to  failure  on  the  specimen’s  gage  section.  The  three-rail  shear  fixture  is  shown  in 
Figure  5. 1,  in  addition,  the  specimen  used  for  the  test  is  depicted  next  to  the  fixture  in 
Figure  5.1. 
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Figure  5.1:  Three-Rail  Shear  Fixture  with  D4255  Specimen 


The  ASTM  D4255  standard  recommended  the  procedure  to  cut  the  specimens  and 
prepare  the  specimens  for  testing.  In  addition,  the  procedure  used  for  conducting  the  test 
and  collecting  the  data  was  explained  in  the  standard.  The  following  sections  state  the 
procedure  used  to  conduct  the  test  in  this  study;  the  tools  used  to  measure  the  specimen 
dimension,  the  strain  measuring  devices  and  the  procedure  to  collect  the  data  are 
explained  in  the  following  sections. 

5.3.1.  Specimen  Preparation 

The  ASTM  D4255  standard  recommended  that  at  least  5  specimens  per  test 
condition  be  tested  (ASTM  D4255/D4255M,  2002).  For  this  study  8  specimens  were 
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tested  per  test  condition.  Extra  specimens  were  needed  to  account  for  lose  of  data  while 
testing  or  during  data  collection.  The  fabric  used  to  reinforce  the  PMC  was  E-glass 
woven  fabric  having  55%  by  weight  of  fiber  in  the  warp  direction  and  45%  in  the  fill 
direction,  Therefore,  two  sets  of  specimens  were  cut  from  each  panel.  One  set  in  the  x- 
dircction,  the  laminate  principal  axis,  and  another  set  in  the  y-dircction,  orthogonal  to  the 
laminate  principal  axis.  Although,  ideally,  there  should  be  no  difference  in  the  shear 
properties  of  the  PMC  in  these  two  directions,  the  two  sets  were  selected  to  verify  that 
fact.  The  specimens  were  cut  using  a  computer  numerical  control  (CNC)  water-abrasive 
jet  machine. 

The  specimen  configuration  was  in  accordance  with  the  recommendation  in  the 
standard.  The  specimen  length  was  152.4  mm  (6  in)  and  the  width  was  136.53  mm  (5.375 
in).  The  specimen  contained  9  holes  with  a  diameter  of  12.7  mm  (0.5  in)  each  as  depicted 
in  the  2D-CAD  drawing  in  Figure  5.2. 
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Figure  5.2:  D4255  Specimen  Con  figuration 


The  specimens  were  conditioned  for  3  months  at  a  temperature  of  22  ±  3°C  (71.6 
±  5°F)  and  50  ±  3%  relative  humidity  in  accordance  with  procedure  C  of  ASTM  D5229 
(ASTM  D5229/D5229M,  2002)  prior  to  testing. 

The  specimen  thickness  was  measured  using  a  5  mm  (0. 19685  in)  nominal 
diameter  double-ball -interface  micrometer  at  two  random  locations  on  each  specimen 
gage  length,  since  each  specimen  contained  two  gage  sections.  The  micrometer  had  an 
accuracy  of  ±2.5  pm  (±0.0001  in),  while  the  specimen  length  was  measured  at  the  same 
locations  using  a  doublc-flat-anvil  caliper  with  an  accuracy  of  ±12.7  pm  (±0.0005  in). 
The  measurements  were  recorded  and  the  average  area  was  later  used  in  the  computation 
of  the  material  shear  properties. 
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The  specimen  configuration  provided  two  gage  sections  to  be  used  to  measure 
shear  strain  while  loading.  Each  gage  section  was  considered  to  be  approximately  140 
mm  (5.5 1  in)  by  length  and  25.4  mm  ( I  in)  by  width.  The  gage  section  was  not  of  the 
same  specimen  length  due  to  impure  stresses  present  on  the  specimen  edges.  The  gage 
section  was  chosen  were  almost  pure  shear  stresses  were  found. 

The  standard  recommended  the  use  of  four  three-element  strain  gage  rosettes  for 
measuring  the  shear  strain  while  the  specimen  was  loaded.  In  stead  of  using  strain  gages, 
a  3-D  digital  image  correlation  (DIC)  system  was  used  to  measure  full-field  strains  of  the 
gage  section.  The  DIC  system  measured  strains  by  recognizing  a  pattern  in  the  specimen 
and  follow  it  while  the  load  was  applied.  Therefore,  a  speckle  pattern  was  applied  to  the 
specimen  surface  that  would  be  facing  the  digital  cameras  of  the  DIC  system.  The  pattern 
was  made  by  applying  a  white  base  first  and  then  a  black  speckle  pattern.  The  specimens 
were  set  aside  to  dry  for  a  day.  The  pattern  was  consistent  with  the  specifications  needed 
for  the  DIC  system  to  recognize  the  pattern  in  the  frame  of  view  that  covers  the  specimen 
region  of  interest,  gage  section. 

When  the  specimen  was  installed  in  the  fixture,  9  grade  eight  steel  bolts  were 
used  to  clamp  the  specimen.  The  torquing  force  recommended  by  the  standard  was  94.9 
N-m  (70  Ibf-ft).  To  simplify  the  torquing  process  a  thread  lubricant  was  used  and  the 
torque  applied  was  54.2  N-m  (40  Ibf-ft),  which  was  the  limiting  torque  before  the  bolts 
material  yielded.  To  insure  good  clamping  with  every  specimen,  the  bolts  and  nuts  were 
replaced  for  every  specimen. 
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5.3.2.  Test  Setup 


After  the  specimen  was  installed  in  the  fixture,  the  fixture  was  placed  in  the 
testing  machine.  The  testing  machine  was  a  servo  controlled  hydraulic  machine  capable 
of  controlling  the  velocity  of  the  moving  head.  The  testing  machine  was  capable  of 
indicating  the  total  load  being  carried  by  the  test  specimen  with  a  maximum  capacity  of 
100  kN  (22  kip).  The  testing  machine  specifications  were  in  conformance  with  ASTM 
Practices  E4  (ASTM  E4,  2002).  The  load  applied  by  the  testing  machine  through  a  ball 
bearing  was  used  to  remove  any  bending  forces  on  the  specimen  from  imperfections  in 
the  frame  and  fixture.  The  three- rail  fixture  with  a  specimen  installed  in  it  is  shown  in 
Figure  5.3  as  it  is  being  tested  and  the  DIC  cameras  capturing  images. 
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Since  the  DIC  system  was  used  to  measure  strains,  the  cameras  of  the  DIC  system 
were  placed  in  front  of  the  specimen  surface.  The  distance  and  the  setup  of  the  cameras 
were  in  accordance  with  the  manual  of  the  system.  Once  the  cameras  were  calibrated,  the 
system  was  able  to  measure  strains  in  a  volume  space  that  contained  the  specimen. 

The  test  was  conducted  at  a  grip  head  speed  of  1.2  mm/min  (0.047  in/min).  At  this 
rate,  the  test  tasted  approximately  5  minutes  to  6  minutes.  The  load  and  strain  data  were 
collected  at  a  rate  of  1  hertz,  one  data  point  per  second.  The  DIC  system  collected  the 
data  as  a  scries  of  digital  images  that  were  later  computed  to  obtain  full-field  strains  of 
the  specimen  during  loading;  in  addition,  the  load  data  was  collected  with  every  pair  of 
pictures  captured  by  the  cameras  of  the  DIC  system  to  indicate  the  load  carried  by  the 
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specimen  at  that  instant.  The  load  data  was  collected  as  analog  signals  that  were  later 
converted  to  load  values  using  an  appropriate  calibration  factor.  A  typical  full-field  shear 
strain  of  a  D4255  specimen  is  depicted  in  Figure  5.4. 


The  strains  were  exported  from  the  DIC  system  by  selecting  two  areas  over  the 
specimen  gage  lengths.  The  average  shear  strain  from  each  area  was  exported.  The  areas 
represented  the  specimen  gage  length  and  are  shown  in  Figure  5.4  as  two  faint  rectangles 
in  the  fore  ground.  The  data  exported  had  two  strain  values  for  each  data  point.  The 
average  of  these  values  was  used  to  represent  the  stress  strain  curve,  which  is  explained 
in  details  in  section  5.5.  The  load  data  was  exported  simultaneously  for  each  data  point 
with  the  accompanied  shear  strain, 
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5.4.  Shear  Test  in  Accordance  with  ASTM  D5379 


The  second  test  conducted  in  this  study  to  obtain  the  material  in-plane  shear 
properties  was  the  v-notched  beam  method  described  in  ASTM  D5379  (ASTM 
D5379/D5379M,  1999).  In  this  method,  the  specimen  was  a  rectangular  flat  strip  with  a 
centrally  located  v-notch;  and  a  special  fixture,  referred  to  as  Iosipescu  shear  test  fixture, 
was  utilized  to  transfer  the  loading  to  the  specimen.  The  intent  of  the  fixture  and  the 
specimen  configuration  was  to  produce  pure  shear  strain  in  the  material  along  the  area 
between  the  notches  of  the  specimen.  A  picture  of  a  specimen  installed  in  the  fixture  is 
shown  in  Figure  5.5, 


The  standard  describes  the  method  to  prepare  the  specimen  and  conduct  the  test. 
Specimen  configuration  and  the  fixture  used  for  the  test  were  described  in  the  standard. 
In  addition,  the  standard  explained  the  procedure  to  conduct  the  test  and  measure  the 
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strains  needed  to  calculate  the  material  in-plane  shear  properties.  In  accordance  with  the 
standard  recommendations,  the  procedure  conducted  in  this  study  is  presented  in  the 
following  sections  and  any  deviation  from  the  ASTM  standard  is  stated  and  justified. 

5.4.1,  Specimen  Preparation 

Referring  to  the  standard,  it  is  stated  that  at  least  5  specimens  should  be  tested  per 
testing  condition.  To  account  for  specimen  data  that  may  be  lost  during  the  testing 
process  or  during  the  data  analysis,  8  specimens  for  each  direction  were  tested.  The  fabric 
used  in  reinforcing  the  PMC  was  E-glass  woven  fabric  with  55%  of  the  fiber  weight  in 
the  warp  direction  and  45%  in  the  fill  direction.  Therefore,  each  panel  had  two  orthogonal 
directions:  x-dircction  and  y-dircction,  where  the  x-dircction  was  the  laminate  principal 
axis.  Although  the  in-planc  shear  properties  of  the  panels  were  ideally  independent  of  the 
principal  in-planc  direction  the  test  was  conducted,  the  specimens  were  cut  from  the 
panels  in  two  directions,  x-direction  and  y-direction,  and  tested  to  verify  this  fact.  The 
specimens  were  cut  from  the  panels  with  a  CNC  water-abrasive  jet  machine. 

The  standard  recommended  a  specimen  configuration  that  was  used  with  the 
losipcscu  test  fixture.  The  standard  recommendations  were  adhered  to  and  the  specimen 
configuration  and  dimensions  used  in  this  study  are  shown  in  Figure  5.6. 
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Figure  5.6:  D5379  Specimen  Configuration 


The  specimens  were  conditioned  in  accordance  to  procedure  C  of  test  method 
D5229  (ASTM  D5229/D5229M,  2002).  The  specimens  were  stored  in  a  conditioning 
chamber  for  3  months  at  a  temperature  of  22  ±  3°C  (7 1.6  ±  5°F)  and  50  ±  3%  relative 
humidity.  While  testing  the  specimens,  the  testing  room  was  climate  controlled  at  room 
temperature  (22°C)  and  relative  humidity  of  50%, 

As  recommended  in  the  standard,  the  specimen  thickness  was  measured  with  a  5 
mm  (0. 19685  in)  nominal  diameter  double-ball-interface  micrometer  at  three  random 
locations  between  the  notches  of  the  specimen  which  had  a  length  of  1 1 .43  mm  (0.45  in). 
The  micrometer  had  an  accuracy  of  ±2.5  pm  (±0.0001  in).  The  length  of  the  notched 
section  was  measured  using  an  edge-end  caliper  with  an  accuracy  of  ±12.7  pm  (±0.0005 
in).  The  measurements  were  recorded  and  the  calculated  average  area  was  later  used  in 
the  computation  of  the  material  in-plane  shear  properties. 

The  ASTM  D5379  standard  recommended  the  use  of  strain  gages  to  measure  the 
shear  strain  in  the  gage  section.  Two  strain  gages  were  recommended  to  be  bonded 
between  the  notches  at  an  angle  of  +45°  and  -45°  to  the  loading  axis.  Instead  of  using 
strain  gages,  a  3-D  DIC  system  was  used  which  measures  full- field  strains  compared  to  a 
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point  value  shear  strain  measured  by  the  strain  gages.  The  D1C  system  recognized  a 
speckle  pattern  on  the  specimen  surface  through  capturing  digital  images  and  tracked  the 
pattern  as  load  was  applied.  Through  correlating  the  images  captured  by  the  cameras,  the 
DIC  system  calculated  full-field  strains  on  the  specimen  surface.  The  specimen  surface 
was  sprayed  with  a  speckle  pattern  for  the  DIC  system  to  track.  The  speckle  pattern  was 
applied  by  spraying  a  white  base  first  and  then  a  black  random  speckle  pattern.  The 
pattern  was  consistent  with  the  specifications  needed  for  the  DIC  system  to  recognize  the 
pattern  in  the  frame  of  view  that  covers  the  specimen  gage  section. 

5.4.2.  Test  Setup 

The  specimen  was  installed  in  the  fixture  and  placed  in  the  testing  frame  which 
was  a  hydraulic  machine  capable  of  controlling  the  velocity  of  the  moving  head.  The 
testing  machine  was  capable  of  indicating  the  total  load  being  carried  by  the  test 
specimen.  The  specifications  of  the  testing  machine  were  in  conformance  with  ASTM 
Practices  E4  (ASTM  E4,  2002). 

The  cameras  of  the  DIC  system  were  placed  in  front  of  the  fixture  and  calibrated. 
The  distance  of  the  cameras  from  the  specimen  and  the  setup  were  in  accordance  with  the 
manual  of  the  system.  The  calibrated  cameras  were  able  to  recognize  a  pattern  in  a 
volume  of  space  where  the  specimen  was  placed.  The  DIC  cameras,  the  fixture,  and 
specimen  installed  in  the  Fixture  are  shown  in  Figure  5.7  as  the  test  was  in  progress. 
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Figure  5.7:  Testing  of  D5379,  V-Notched  Shear  Specimen 


The  speed  of  the  grip  heads  was  judged  by  the  time  elapsed  during  the  test.  The 
standard  recommended  the  test  speed  to  cause  failure  within  one  to  ten  minutes.  The  grip 
head  speed  selected  was  1.2  mm/min  (0.047  in/min)  that  caused  a  failure  after 
approximately  three  minutes  of  the  test  start.  During  the  loading  process,  the  data  was 
collected  at  a  rate  of  approximately  one  hertz,  or  one  data  point  every  second.  Every  data 
point  collected  included  the  load  carried  by  the  specimen  as  measured  by  the  load  cell, 
the  load  sensing  unit,  of  the  testing  machine,  and  the  full-field  strains  on  the  face  of  the 
specimen  in  the  gage  section  as  seen  by  the  DIC  system.  A  typical  full-field  shear  strain 
captured  by  the  DIC  system  for  an  ASTM  D5379  v-notch  shear  specimen  under  load  is 
shown  in  Figure  5.8, 
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Figure  5.8:  Full-Field  Shear  Strain  of  a  D5379  Specimen 


A  faint  rectangle  in  the  fore  ground  is  depicted  in  Figure  5.8.  This  rectangle 
represented  the  area  of  full-field  shear  strain  that  was  exported  from  the  D1C  system.  The 
strain  in  this  area  was  averaged  and  exported  as  one  data  point.  In  addition  to  the  shear 
strain,  each  data  point  was  accompanied  with  the  value  of  the  load  carried  by  the 
specimen  at  that  instant. 

5.5.  Stress-Strain  Representation 

The  data  exported  from  the  DIC  system  was  imported  into  a  Matlab  program 
(Appendix  B.3).  The  Matlab  code  used  the  imported  data  and  the  measurement  data  of 
the  gage  section  thickness  and  width  to  build  the  stress-strain  curve  for  each  specimen 
tested.  The  load  was  converted  from  an  analog  signal  (as  received  from  the  load  cell)  to  a 
load  value  using  the  appropriate  calibration  factor.  The  stress-strain  curve  generated  by 
the  code  depicted  an  clastic  nonlinear  behavior  of  the  material. 
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The  standard  recommended  calculating  the  material  shear  modulus  of  elasticity  by 


taking  the  chord  of  the  curve  over  a  range  of  4000  micro-strain  at  the  start  of  the  curve, 
beginning  in  the  range  of  approximately  2000  micro-strain.  The  shear  strength  was 
recommended  to  be  calculated  by  taking  the  intersection  of  the  curve  with  the  0.2%  offset 
of  the  chord  modulus  calculated.  The  standard  recommendations  were  not  followed  to 
calculate  the  material  properties  of  the  material  tested  in  this  study.  Instead  a  hyperbolic 
tangent  curve  tit  was  used.  The  hyperbolic  tangent  curve  fit  is  given  in  equation  (5. ! ) 
(Barbcro,  1998). 


(5.1) 


where: 


tu  =  shear  stress,  MPa  (psi), 

y  =  shear  angle,  radians 

a  =  asymptote  of  the  curve,  MPa  (psi), 
b  -  slope  of  the  tangent  of  the  curve  at  the  base,  MPa  (psi). 


Using  equation  (5.1)  the  elastic  shear  modulus  was  considered  to  be  the  value  of 
b.  The  value  of  the  asymptote  of  the  curve  was  recommended  in  the  reference  to  be  used 
as  the  ultimate  shear  strength  of  the  material.  For  this  study,  the  stress-strain  curve  of  the 
material  exhibited  an  asymptote  for  the  curve  fit  that  had  a  large  value.  The  failure  of  the 
material  was  detected  in  the  curve  by  a  flat  region  were  the  strain  increased  at  a  constant 
load.  Therefore,  the  ultimate  shear  strength  of  the  material  was  considered  to  be  the  point 
at  which  the  strain  increased  and  the  load  was  constant  or  decreased.  A  typical  stress- 
strain  curve  of  a  shear  specimen  with  the  hyperbolic  tangent  curve  fit  is  depicted  in 
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Figure  5.9.  The  calculated  value  of  the  shear  modulus  of  elasticity  and  shear  ultimate 
strength  of  the  stress-strain  curve  are  presented  in  Figure  5.9. 
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Figure  5,9:  Typical  Stress-Strain  Shear  Curve  with  Hyperbolic  Tangent  Curve  Fit 


5.6.  Discussion  of  the  Experimental  Results 

The  shear  tests  were  conducted  on  two  sets  of  panels,  manufactured  using  two 
different  batches.  The  first  batch  was  used  to  infuse  a  25.4  mm  ( I  in)  thick  panel  and 
simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel,  which  acted  as  a  witness  panel  for 
the  25.4  mm  (1  in)  thick  panel.  Similarly,  the  second  batch  was  used  to  infuse  a  12.7  mm 
(0.5  in)  thick  pane!  and  simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel  which  acted 
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as  a  witness  panel  for  the  12.7  mm  (0.5  in)  thick  panel.  For  each  batch,  three  fiber  lay-ups 
were  adopted:  [0]4sf,  [0/90]2Sf,  and  [0/±45/0]Sf.  Therefore,  there  were  two  panels  for  each 
fiber  lay-up  that  had  the  same  thickness  but  were  infused  with  a  different  batch  and  at 
different  environmental  conditions.  A  set  of  8  specimens  was  tested  for  each  direction  in 
each  panel.  Having  a  total  of  6  witness  panels,  12  sets  of  results  were  computed. 

5.6.1.  Shear  Properties  in  Accordance  with  ASTM  D4255 

The  shear  modulus  of  elasticity  was  calculated  by  using  the  hyperbolic  tangent  fit 
curve  given  in  equation  (5.1)  to  model  the  stress-strain  curve.  The  mean  values  of  each 
set  of  specimens  are  presented  in  Figure  5. 10.  The  chart  has  the  standard  deviation  error 
bars  and  the  coefficient  of  variation  for  each  set.  The  chart  was  organized  in  such  a  way 
to  compare  the  shear  modulus  values  between  the  two  batches  tested  for  each  fiber  lay¬ 
up.  As  noted  earlier,  each  panel  had  two  orthogonal  directions:  x-dircction  and  y- 
direction,  where  the  x-direction  is  the  laminate  principal  axis.  Both  directions  are  plotted 
in  one  chart  to  verify  that  the  shear  modulus  was  independent  of  the  in-plane  principal 
material  axes. 
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Figure  5.10:  Shear  Modulus  of  Elasticity  (D4255) 


Since  the  in-planc  shear  properties  of  the  material  are  not  fiber  dominated 
propertied,  normalization  of  the  results  was  not  carried  on  the  results.  The  details  of 
normalization  and  the  conditions  for  it  to  be  applied  arc  explained  in  section  7.3.1 .  This 
constraint  hindered  the  results  to  be  compared  between  two  different  shear  test  methods 
and  two  different  batches. 

The  ultimate  shear  strength  of  the  composite  was  measured  by  observing  the 
stress  strain  curve  for  a  flat  region.  The  flat  region  illustrated  an  increase  in  the  strain 
with  a  constant  load  or,  in  some  cases,  a  drop  in  the  load.  This  behavior  was  explained  by 
the  reorientation  of  the  reinforcing  fabric  after  the  matrix  fails.  And  in  some  cases,  an 
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increase  in  the  load  and  strain  continued  after  the  flat  region  and  then  produced  another 
flat  region.  This  is  a  result  of  the  fabric  holding  the  load  for  a  given  amount  until  it 
started  to  reorient  again.  This  behavior  is  seen  in  Figure  5.9,  which  is  a  typical  stress- 
strain  curve  of  an  ASTM  D4255  three-rail  shear  specimen  from  batch  1. 

The  shear  ultimate  strengths  of  the  PMC  under  study  for  batch  1  and  for  two  fiber 
lay-ups  only  arc  shown  in  Figure  5.1 1 . 
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Figure  5  11:  Shear  Ultimate  Strength  (D4255  -  Batch  1) 

The  shear  ultimate  strength  for  the  [0]<tsf  fiber  lay-up  for  batch  I  was  not 
calculated  due  to  some  small  glitches  while  testing  the  specimens.  As  for  the  shear 
ultimate  strength  for  batch  2,  the  data  was  calculated  but  a  premature  failure  was  noticed 
in  the  specimens.  The  premature  failure  was  detected  in  the  stress-strain  curve  that 
depicted  a  small  drop  in  the  load  at  the  early  stages  of  loading.  A  stress  strain  curve  for 
an  ASTM  D4255  specimen  from  batch  2  is  represented  in  Figure  5.1 2.  The  shear  ultimate 
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strength  for  [0]4Sf  and  [0/90]2Sf  fiber  lay-ups  ranged  between  approximately  19  GPa 
(2755.7  ksi)  and  17.8  GPa  (2581.7  ksi);  while,  the  ultimate  shear  strength  for  [0/±45/0]*f 
fiber  lay-up  was  approximately  45  GPa  (6526.7  ksi). 
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Figure  5.12:  Premature  Failure  in  an  ASTM  D4255  Batch  2  Specimen 


5.6.2.  Shear  Properties  in  Accordance  with  ASTM  D5379 


The  stress-strain  curve  for  the  v-notch  specimens  was  obtained  by  considering  the 


shear  strain  between  the  notches.  An  area  between  the  notches  was  selected  and  the  shear 


strain  in  that  area  was  averaged  and  used  with  the  cross-sectional  area  and  the  load 
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carried  by  the  specimen  to  build  the  stress-strain  curve.  It  was  noticed  that  the  shear  strain 
was  not  solely  concentrated  between  the  notches  as  was  intended  by  the  design  of  the 
test.  A  set  of  full-field  shear  strains  arc  depicted  in  Figure  5. 13,  they  represent  the  strain 
of  all  three  lay-ups  in  the  two  directions  tested:  x-direction  and  y-direction. 


Figure  5.13:  Full-Field  Shear  Strain  Distribution  in  V-Notch  Specimens 


Due  to  the  inconsistent  strain  concentrations  observed  in  the  full-field  shear  strain 
distributions  captured  by  the  D1C  system  (Figure  5.13),  large  variability  was  observed  in 
the  experimental  results.  The  variability  was  a  result  of  the  distribution  of  the  shear  strain 
across  the  surface  specimen.  The  material  shear  properties  were  calculated  by  considering 
the  cross-sectional  area  and  shear  strain  located  between  the  notches  as  recommended  by 
the  ASTM  standard.  The  results  ranged  between  2  GPa  (290  ksi)  to  3  GPa  (435  ksi)  for 
the  specimens  cut  from  batch  1  with  a  coefficient  of  variation  of  up  to  30%. 
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Another  factor  that  caused  the  variability  in  the  experimental  results  was  the 
coarseness  of  the  fabric  used,  As  mentioned  earlier,  the  fabric  used  to  reinforce  the  PMC 
was  woven  fabric  with  an  aerial  weight  of  8 17.13  gm/m2  (24.1  oz/yd2)  having  55%  by 
weight  of  the  fabric  in  the  warp  direction  and  45%  by  weight  of  the  fabric  in  the  fill 
direction.  A  schematic  of  the  weave  is  shown  in  Figure  5.14.  In  addition,  two  cross- 
sections  of  the  weave,  along  the  warp  and  along  the  fill,  are  shown  in  Figure  5. 14. 


Figure  5.14:  Weave  Pattern  Schematic 

This  type  of  fabric  used  had  a  tow  spacing  of  5.1  mm  (5  tows  per  inch)  in  the 
warp  direction  and  6.35  mm  (4  tows  per  inch)  in  the  fill  direction.  This  added  to  the 
variability  of  the  results.  The  notch  in  the  ASTM  D5379  specimen  in  some  cases  was 
over  a  tow  and  in  other  instances  was  over  a  gap  between  two  tows.  The  randomness  of 
the  notch  placement  with  respect  to  the  weave  pattern  caused  large  difference  in  the 
experimental  results  which  was  observed  in  the  comparison  of  the  values  calculated  from 
batch  1  and  batch  2.  The  shear  modulus  of  elasticity  of  the  second  batch  ranged  between 
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0.3  GPa  (43.5  ksi)  and  0.4  GPa  (58  ksi),  which  was  approximately  one  order  of 
magnitude  smaller  than  the  values  calculated  from  the  specimens  in  the  first  batch. 
Similarly,  the  coefficient  of  variation  of  the  results  was  up  to  30%  in  some  eases. 

The  ultimate  shear  strength  was  unable  to  be  calculated  for  the  ASTM  D5379  test 
method.  The  stress-strain  curve  had  no  flat  region  or  a  drop  in  the  load.  A  0.2%  offset 
value  could  have  been  used  to  obtain  the  ultimate  shear  strength  as  recommended  in  the 
standard  (ASTM  D5379/D5379M,  !999);but,  since  there  was  large  variability  in  the 
experimental  results  of  the  shear  modulus  of  elasticity,  the  shear  ultimate  strength  was 
not  calculated. 

5.7.  Recommendations  and  Conclusion 

The  experimental  results  obtained  were  very  dependent  on  the  type  of  fabric  used. 
The  fabric  used  in  this  study  was  coarse  and  woven  with  relatively  large  tows.  The 
ASTM  test  methods  conducted  did  not  relate  the  specimen  configuration  or  gage  section 
to  the  type  of  fabric  used.  When  the  ASTM  D4255  test  method  was  conducted,  the  results 
were  comparable  to  test  results  found  in  the  literature  and  the  variability  was  less  than 
10%.  On  the  other  hand,  when  the  ASTM  D5379  test  method  was  conducted  the  results 
had  coefficients  of  variability  of  up  to  30%  with  very  different  results  between  batch  I 
and  batch  2  of  the  specimens.  The  gage  section  in  the  three  rail  shear  test  method  was 
approximately  140  mm  x  25.4  mm  (5.5 1  in  x  1  in),  which  was  enough  to  cover  a  large 
area  of  the  fabric  reinforcing  the  PMC. 

The  fabric  is  represented  properly  when  3  tow  patterns  are  included  in  the  gage 
section;  the  edge  patterns  are  affected  by  the  boundary  conditions,  thus,  leaving  the 
middle  pattern  unaffected  by  outside  conditions.  The  tow  pattern  of  the  fabric  used 
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repeated  every  12,7  mm  (0.5  in)  in  the  warp  direction  and  every  10,16  mm  (0.4  in)  in  the 
fill  direction.  The  pattern  of  the  weave  is  presented  in  Figure  5.15  for  both  directions: 
warp  and  fill. 


Figure  5.15:  Fabric  Weave  Pattern  in  the  Warp  and  Fill  Direction 

In  conclusion,  the  three  rail  shear  test  (ASTM  D4255)  performed  better  than  the 
v-notch  shear  test  (ASTM  D5279).  The  main  reason  was  the  specimen  configuration  and 
the  scale  of  the  specimen  compared  to  the  fabric  used.  The  specimen  configuration  and 
the  gage  section  of  the  specimen  should  be  correlated  to  the  reinforcing  fabric  of  the 
PMC.  In  the  case  were  the  PMC  is  reinforced  with  fibrous  fibers  (not  tows)  small  gage 
sections  would  give  acceptable  results.  In  addition,  failure  was  detected  in  the  stress- 
strain  curve  of  the  three  rail  shear  test  by  a  flat  region  in  the  curve  or  by  a  drop  in  the 
load,  which  was  not  found  in  the  v-notch  shear  test. 
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Chapter  6:  Density,  Fiber  Volume  Fraction,  and  Glass 


Transition  Temperature  of  Polymer  Matrix  Composites  with 
Woven  Fiber  Reinforcement 

6.1.  Introduction 

As  part  of  characterizing  the  polymer  matrix  composite  (PMC),  three  physical 
properties  were  obtained  for  the  panels  under  study:  density,  fiber  volume  fraction,  and 
glass  transition  temperature.  The  density  test  method  was  in  accordance  with  ASTM 
D792  which  describes  the  method  of  determining  the  density  of  plastics  by  the 
displacement  of  water  (ASTM  D792,  2000).  The  test  procedure  conducted  is  presented  in 
the  chapter  and  a  discussion  of  the  experimental  results  follows  the  procedure.  As  for  the 
fiber  volume  fraction  property,  it  was  calculated  by  the  use  of  the  burn-out  test  which  was 
in  accordance  with  ASTM  D  2584  which  describes  the  method  of  determining  the 
ignition  loss  that  was  considered  to  be  the  resin  content  in  the  PMC  (ASTM  D2584, 
2002).  The  test  procedure  used  to  calculate  the  fiber  volume  fraction  of  the  composite  is 
explained  in  the  chapter  and  is  followed  by  a  discussion  of  the  experimental  results.  The 
thickness  of  one  of  the  panels  was  measured  and  a  surface  plot  of  the  thickness  variation 
across  the  panel  is  presented.  The  thickness  variation  illustrated  that  the  density  and  the 
fiber  volume  content  measured,  were  depending  on  the  location  each  specimen  was  cut 
from. 

The  glass  transition  temperature  of  the  PMC  was  measured  by  following  the  test 
method  in  accordance  to  ASTM  WK278  which  utilized  the  dynamic  mechanical  analysis 
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(DMA)  method  (ASTM  WK278,  2003).  The  test  procedure  conducted  is  presented  and 
the  method  behind  the  DMA  process  is  explained.  This  section  is  followed  by  the 
discussion  of  the  experimental  results  obtained  from  the  test  method. 

The  physical  property  tests  were  conducted  on  two  sets  of  panels,  manufactured 
using  two  different  batches.  The  first  batch  was  used  to  infuse  a  25.4  mm  ( I  in)  thick 
panel  and  simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel,  which  acted  as  a  witness 
panel  for  the  25.4  mm  (1  in)  thick  panel.  Similarly,  the  second  batch  was  used  to  infuse  a 
12.7  mm  (0.5  in)  thick  panel  and  simultaneously  infuse  a  5.08  mm  (0.2  in)  thick  panel 
which  acted  as  a  witness  panel  for  the  12.7  mm  (0.5  in)  thick  panel.  For  each  batch,  three 
fiber  lay-ups  were  adapted:  [0]4sf,  [0/90]2Sf,  and  [0/±45/0]sf.  Therefore,  there  were  two 
panels  for  each  fiber  lay-up  that  had  the  same  thickness  but  were  infused  with  a  different 
batch  and  at  different  environmental  conditions. 

6.2.  Background 

The  physical  properties  of  a  PMC  are  used  to  characterize  the  material  and 
identify  the  manufacturing  quality  of  the  panels.  The  fiber  volume  fraction  and  density 
are  directly  related  by  the  degree  of  compaction  during  infusion.  In  this  study,  the  fiber 
volume  fraction  of  the  PMC  under  study  was  measured  and  related  to  the  density.  The 
higher  the  fiber  volume  fraction  achieved  in  infusing  a  PMC  panel,  the  higher  the  quality 
of  the  resulting  composite.  The  process  used  to  manufacture  the  panels  under  study  was 
vacuum  assistant  resin  transfer  molding  (VARTM)  with  Sccmann  Composites  resin 
infusion  molding  process  (SCRIMP)  technology.  The  test  used  to  obtain  the  fiber  volume 
fraction  of  the  panels  was  the  ignition  loss  test  recommended  by  the  American  Society 
for  Testing  and  Materials  (ASTM  D4762,  2004).  In  this  test  method,  the  void  content  was 
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assumed  negligible  and  the  fiber  volume  fraction  was  measured  from  the  resin  content  in 
the  specimen.  A  study  was  conducted  to  measure  the  occurrence  of  voids  in 
VARTM/SCR1MP  infused  panels  and  concluded  that  micro  voids  were  present  in  the 
PMC  due  to  out  gassing  and  solvent  ablation  in  the  resin  (Herzog,  Goodcll  ct  al,,  2004), 

The  glass  transition  temperature  (Tg)  of  composites  is  a  significant  parameter  for 
characterizing  the  material  and  defining  its  upper  temperature  limit.  Problems  are  often 
present  in  defining  the  transition  temperature  of  the  matrix  in  the  PMC  which  are  known 
as  highly  cross-linked  polymers.  The  high  cross-link  density  in  the  polymer  affected  the 
relaxation  in  the  transition  region  which  produced  difficulty  in  measuring  the  glass 
transition  temperature.  This  effect  caused  a  very  broad  transition  region  (Chartoff, 
Weissman  ct  al.,  1994).  In  addition,  since  the  PMC  arc  used  for  structural  applications, 
the  most  appropriate  assignment  of  Tj,  was  the  point  where  the  storage  modulus  curve 
begins  to  drop.  This  point  was  specified  by  the  onset  point,  defined  by  the  intersection  of 
the  tangents  to  the  storage  modulus  glassy  state  curve  and  transition  region  curve. 

The  glass  transition  temperature  is  used  to  set  the  post  cure  temperature  needed 
for  the  composite  to  reach  complete  cure.  Often  a  post  cure  temperature  higher  than  the 
maximum  glass  transition  temperature  of  the  polymer  insured  a  complete  cure  of  the 
system  (Valea,  Martinez  et  al.,  1998).  Conversely,  an  incomplete  cure  schedule  led  to 
variations  when  the  cured  materials  had  to  be  in  contact  with  solvents. 

During  the  curing  process,  the  polymer  changes  from  a  liquid  rubbery  state  to  a 
glassy  state.  A  cure  temperature,  as  high  as  the  glass  transition  temperature,  induces 
vitrification,  the  transition  from  rubbery  state  to  a  glassy  state,  and  the  reaction  of  cross- 
linking  starts.  The  degree  of  cure  of  a  polymer  is  defined  as  the  density  of  cross-linking 
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and  network  free  volume.  A  fully  cured  polymer  theoretically  has  optimum  properties 
(Dumant,  2000). 

It  was  seen  that  the  Dynamic  Mechanical  Thermal  Analysis  (DMTA)  techniques 
provided  an  insight  into  the  structure  and  viscoelastic  response  of  the  PMC  material.  The 
glass  transition  temperature  measured  using  the  DMTA  tool  was  affected  by  the 
frequency  used  and  the  rate  of  heating.  An  increase  in  the  frequency  shifted  the  Tg  to  a 
higher  temperature;  similarly,  an  increase  in  the  heating  rate  shifted  the  Ts  to  higher 
temperature  (Karbhari  and  Wang,  2004).  The  DMTA  technique  provided  three  curves  for 
calculating  the  glass  transition  temperature;  the  storage  modulus  curve,  the  loss  modulus 
curve,  and  the  tan-delta  curve.  The  peak  of  the  tan-delta  fell  at  the  end  of  the  transition 
region  and  the  peak  of  the  loss  modulus  fell  in  the  middle  of  the  transition  region.  On  the 
other  hand,  the  onset  of  the  storage  modulus  fell  at  the  beginning  of  the  curve  drop,  the 
transition  from  glassy  state  to  rubbery  state. 

6.3.  Density  Test  in  Accordance  with  ASTM  D792 

The  density  of  the  PMC  with  woven  fabric  reinforcement  was  measured  in 
accordance  with  ASTM  D792  standard  test  method.  The  standard  contained  two  methods 
to  follow  depending  on  the  material  under  study.  Since  the  panels  in  this  study  are  PMC, 
method  A  was  chosen  which  was  specified  for  testing  solid  plastics  in  water.  The  other 
method,  method  B,  was  for  testing  solid  plastics  in  liquids  other  than  water  (ASTM 
D792,  2000). 

Five  specimens  were  cut  out  of  each  panel  for  density  measurement.  The 
specimen  configuration  was  selected  to  meet  the  requirements  of  the  apparatus  used  for 
conducting  the  test.  The  specimens  were  cut  to  a  size  as  large  as  the  immersion  vessel 
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could  hold.  A  large  specimen  was  selected  to  increase  the  accuracy  of  the  test  and  reduce 
the  variability  arising  from  errors  while  conducting  the  test.  A  2d-CAD  drawing  of  the 
specimen  configuration  is  shown  in  Figure  6.1. 
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Figure  6,1:  D792  Specimen  Configuration 


The  specimens  were  conditioned  in  accordance  to  procedure  C  of  test  method 
D5229  (ASTM  D5229/D5229M,  2002).  The  specimens  were  stored  in  a  conditioning 
chamber  for  3  months  at  a  temperature  of  22  ±  3°C  (7 1.6  ±  5°F)  and  50  ±  3%  relative 
humidity.  While  testing  the  specimens,  the  testing  room  was  climate  controlled  at  room 
temperature  (22°C)  and  relative  humidity  of  50%. 

6.3.1.  Test  Procedure 

The  room's  temperature  and  relative  humidity  were  recorded;  similarly,  the 
temperature  of  the  distilled  water  was  measured  and  recorded.  The  weight  of  each 
specimen  in  air  was  measured  and  recorded  using  a  digital  balance  with  a  precision  of  0. 1 
mg  (3.5x  I0  (’  oz)  according  to  the  recommendation  of  the  standard.  A  plastic  beaker  was 
used  as  the  immersion  vessel.  It  was  partially  filled  with  distilled  water  to  a  height  of  at 
least  the  specimen  submersion  depth.  The  weight  of  the  filled  beaker  was  zeroed  out  prior 
to  starting.  A  rigid  wire  was  used  to  carry  the  specimen  in  water;  in  order  to  correct  for 
the  buoyant  force  of  the  submergible  portion  of  the  wire,  it  was  measured  separately  and 
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recorded.  The  buoyant  force  was  considered  to  be  the  weight  of  the  item  fully  submerged 


in  water.  The  latter  was  achieved  by  submerging  the  item  into  the  beaker  and  reading  the 


scale  display.  The  buoyant  force  of  the  specimen  with  the  metal  wire  was  measured  by 
holding  the  specimen  with  the  metal  wire  and  lowering  both,  the  specimen  and  wire,  into 
the  water.  The  reading  on  the  scale  was  recorded  and  used  with  the  previous  indicated 
reading  to  calculate  the  density  of  the  specimen.  The  density  of  the  specimen  was 
calculated  by  the  use  of  equation  (6.1). 


(6.1) 


where: 

D  =  density  of  the  specimen,  g/cm3  (lb/in3), 

w  =  mass  of  the  specimen  in  air,  g  (lb), 

a  =  mass  of  the  specimen  and  portion  of  the  metal  wire  completely 

immersed  in  water,  g  (lb), 

b  =  mass  of  the  portion  of  the  metal  wire  immersed  in  water,  g  (lb), 

c  =  density  of  the  distilled  water  at  the  temperature  measured,  g/cnr  (Ib/in3). 


6.3.2.  Discussion  of  Experimental  Results 

The  experimental  results  were  collected  for  each  specimen  and  the  mean,  standard 
deviation,  and  coefficient  of  variation  were  calculated  for  each  set.  The  means  of  each 
batch  for  each  lay-up  arc  plotted  together  to  demonstrate  the  difference  between  the 
density  of  the  panels  from  batch  I  and  from  batch  2.  A  chart  illustrating  the  means, 
standard  deviation  error  bars,  and  coefficient  of  variations  are  presented  in  Figure  6.2. 
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It  was  noticed  that  the  density  of  the  panels  from  batch  2,  for  all  the  lay-ups,  were 
slightly  smaller  than  the  density  of  the  panels  from  batch  I .  This  can  be  interpreted  as 
panels  from  batch  !  had  a  higher  fiber  volume  fraction  than  panels  from  batch  2,  because 
the  density  of  the  E-glass  reinforcing  the  PMC  was  2.54  g/cm3  (158.57  lb/ ft3)  while  the 
density  of  the  resin  was  1.13  g/cm3  (70.54  lb/ft3).  This  was  also  supported  by  the 
experimental  results  of  the  fiber  volume  fraction  test  which  is  discussed  in  the  following 
section. 

6.4.  Fiber  Volume  Fraction  in  Accordance  with  ASTM  1)2584 

The  standard  test  method  for  ignition  loss  of  cured  reinforced  resins,  ASTM 
D2584,  was  designed  for  the  detennination  of  the  resin  content  of  a  composite.  Assuming 
the  void  content  of  the  PMC  under  study  as  negligible,  the  resin  content  was  used  to 
determine  the  fiber  volume  fraction  of  the  composite  using  the  densities  of  the  fabric  and 
resin. 


□  Batch  1  □  Batch  2 


0.5 


1.0 


g/cm’ 

Figure  6.2:  Density  Experimental  Results  (ASTM  D792) 
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The  standard  recommended  that  the  specimen  weigh  approximately  5  g  (0.176  oz) 
with  a  maximum  size  of  25.4  mm  by  25.4  mm  ( 1  in  by  1  in)  (ASTM  D2584,  2002). 
Therefore,  the  specimen  configuration  selected  for  this  study  was  a  circular  specimen 
with  a  diameter  of  25.4  mm  (1  in).  The  weight  of  the  specimen  was  approximately  4.8  g 
(0.169  oz).  The  size  fit  in  the  crucibles  used  for  conducting  the  test.  Six  specimens  were 
tested  from  each  panel. 

The  specimens  were  conditioned  in  accordance  to  procedure  C  of  test  method 
D5229  (ASTM  D5229/D5229M,  2002).  The  specimens  were  stored  in  a  conditioning 
chamber  for  3  months  at  a  temperature  of  22  ±  3°C  (71.6  ±  5°F)  and  50  ±  3%  relative 
humidity.  While  testing  the  specimens,  the  testing  room  was  climate  controlled  at  room 
temperature  (22°C)  and  relative  humidity  of  50%. 

6.4.1.  Test  Procedure 

The  crucible  weight  was  measured  (W)  using  a  digital  balance  with  a  precision  of 
0.1  mg  (3.5x1 0'^  oz)  according  to  the  recommendation  of  the  standard.  Each  specimen 
was  placed  in  a  crucible  and  the  combined  mass  of  the  crucible  and  the  specimen  were 
measured  (Wi)  using  the  same  digital  balance.  The  crucibles  containing  the  specimens 
were  then  placed  into  an  electric  furnace  and  heated  to  a  temperature  of  400°  C  (752°  F) 
for  five  to  ten  minutes.  The  specimens  were  then  ignited  using  a  butane  torch.  Once  all 
the  specimens  had  self-extinguished,  the  temperature  of  the  furnace  was  increased  to  565° 
C  (1049°  F)  and  the  specimens  were  left  for  a  period  of  five  hours  at  that  temperature. 
This  process  burned  the  resin  and  removed  any  carbonaceous  material  on  the  fabric  of  the 
composite.  When  the  specimens  were  removed,  the  crucibles  only  contained  clean  layers 
of  woven  fabric  that  was  reinforcing  the  PMC.  When  the  specimens  had  cooled  to  room 
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temperature  the  mass  of  the  residue  plus  the  crucible  was  measured  (WS).  The  weight 
fraction  of  the  resin  that  was  present  in  the  specimen  was  obtained  using  equation  (6.2). 


W  - 

rrR 


fV,  -fVj 

wx  -w 


(6.2) 


where: 

WR  =  weight  fraction  of  the  resin, 

W{  =  weight  of  specimen  and  crucible,  g  (oz), 

W2  =  weight  of  residue  and  crucible,  g  (oz), 

W  -  weight  of  crucible,  g  (oz). 


The  fiber  volume  fraction  of  the  composite  was  obtained  by  the  use  of  equation 
(6.3).  The  density  of  the  fabric  according  to  the  supplier’s  technical  sheet  was  2.54  g/cm3 
(158.57  lb/ft3).  Similarly,  the  density  of  the  resin  was  taken  to  be  according  the  supplier's 
technical  information,  which  was  1.13  g/cm3  (70.54  lb/ft3). 

V  1 

'  n  Pt  (*3) 

p,w,  •('-«'.) 


where: 

Vf  -  volume  fraction  of  the  fiber, 

WR  -  weight  fraction  of  the  resin, 
pf  *=  density  of  the  fiber,  gm/cm’  (lb/ft3), 

pR  -  density  of  the  resin,  gm/cm3  (lb/ft3). 


6.4.2.  Discussion  of  Experimental  Results 

The  experimental  results  of  each  panel  were  collected  and  statistical  analysis  was 
conducted  on  each  set.  The  mean,  standard  deviation,  and  coefficient  of  variation  were 
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obtained  for  each  set  and  are  displayed  in  Figure  6.3.  The  values  from  batch  l  and  batch 
2  with  the  same  fiber  lay-up  arc  displayed  adjacent  to  each  other,  in  order  to  signify  the 
difference  in  the  experimental  results  between  the  two  batches. 
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Figure  6.3:  Fiber  Volume  Fraction  Experimental  Results  (ASTM  D2584) 


Similar  to  the  discussion  of  section  6.3.2,  it  was  noted  that  the  fiber  volume 
fraction  experimental  results  showed  a  slight  difference  between  the  results  from  batch  1 
and  batch  2.  The  difference  was  consistent  and  indicated  that  the  panels  from  batch  2  had 
a  lower  fiber  volume  fraction  than  the  panels  from  batch  1.  This  agrees  with  the 
experimental  results  of  the  density  test  that  showed  that  panels  from  batch  2  had  a 
slightly  lower  density  than  the  panels  from  batch  l  .  Comparing  a  panel  from  batch  I  with 
a  panel  from  batch  2  with  the  same  fiber  lay-up,  the  panel  from  batch  1  with  a  higher 
fiber  volume  fraction  indicated  that  the  panel  had  more  fibers  than  matrix  compared  to 
the  panel  from  batch  2.  This  fact  gave  the  panel  from  batch  1  a  larger  density  than  the 
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panel  from  batch  2  since  the  fabric’s  density  was  more  significant  than  the  resin’s 
density. 

In  addition,  examination  of  the  experimental  results  shown  in  Figure  6.3,  revealed 
that  the  pseudo  quasi-isotropic  lay-up  [0/±45/0]sfhad  the  highest  value  of  fiber  volume 
fraction.  This  indicated  that  while  infusing  the  panel,  the  fabric  pattern  compacted  best 
compared  to  the  other  types  of  lay-ups. 

6.5.  Thickness  Variation  of  the  Panels  under  Study 

One  of  the  panels  under  study  was  selected  for  measuring  the  thickness  variation 
of  the  surface.  The  panels  were  infused  on  a  fiat  mold  which  produced  a  flat  surface 
referred  to  as  the  mold  face;  while,  the  opposite  surface  was  in  contact  with  the  vacuum 
bag  during  the  infusion  process  and  was  referred  to  as  the  vacuum  bag  face.  Two 
thickness  variations  were  measured,  the  local  thickness  variation  and  the  total  thickness 
variation. 

The  local  thickness  variation  was  caused  by  the  fabric  pattern  that  was  perceived 
on  the  vacuum  bag  face,  and  consisted  of  waviness  across  the  surface.  The  local  variation 
of  the  thickness  was  measured  using  a  5  mm  (0. 19685  in)  nominal  diameter  doublc-ball- 
interfacc  micrometer  having  an  accuracy  of  ±2.5  pm  (±0.0001  in).  The  panel  selected 
was  from  batch  2  and  had  [0/90]2Sf  as  the  fiber  lay-up  sequence.  The  panel  showed  a  local 
thickness  variation  of  approximately  0.48  mm  (0.0189  in),  which  accounted  for  10%  of 
the  total  thickness. 

The  variation  in  the  total  thickness  was  caused  by  the  infusion  process  or  by  the 
mold’s  surface  used  to  infuse  the  panel  on.  The  total  thickness  variation  was  measured 
using  a  double-anvil-intcrfacc  micrometer  having  an  accuracy  of  ±2.5  pm  (±0.0001  in). 
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The  double-anvil-interface  was  used  to  exclude  the  local  thickness  variation  from  the 


total  thickness  variation,  knowing  that  the  anvil  interface  was  larger  than  the  local 
waviness.  The  total  thickness  variation  measured  on  the  panel  selected  was 
approximately  0.68  mm  (0.0268  in),  which  accounted  for  13%  of  the  total  thickness  of 
the  panel.  A  surface  contour  plot  of  the  thickness  variation  of  the  panel  selected  is 
depicted  in  Figure  6.4.  Note  that  the  panel  was  1.22  m  (4  ft)  in  width  and  1 .83  m  (6  ft)  in 
length. 


0  M  40 


Figure  6.4:  Contour  Plot  of  the  Total  Thickness  Variation 
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Due  to  the  thickness  variation  across  the  panel,  the  density  and  the  fiber  volume 
content  measured  for  each  panel  were  local  properties  of  the  panel.  In  other  words,  the 
experimental  results  of  these  two  tests  were  function  of  the  thickness  and  as  the  thickness 
varied  the  density  varied  and  similarly  the  fiber  volume  fraction  varied. 

6.6.  Glass  Transition  Temperature  in  Accordance  with  ASTM  WK278 

The  glass  transition  temperature  (Tg)  of  a  PMC  represents  the  temperature  range 
the  glass  transition  of  the  matrix  in  the  PMC  takes  place.  The  glass  transition  of  the 
matrix  is  the  state  at  which  the  polymer  changes  from  the  glassy  state  to  the  rubbery  state. 
The  Tg  of  a  PMC  is  used  to  define  the  upper  use  temperature  of  the  composite,  in 
addition,  the  Tg  is  used  to  define  the  degree  of  cure  of  the  composite  and  for  quality 
control  of  the  composite. 

The  Tg  was  measured  by  following  the  procedure  stated  in  the  standard  test 
method  ASTM  WK278.  The  procedure  defined  the  determination  of  the  Tg  by  the  use  of 
the  DMTA  tool  (ASTM  WK278,  2003).  The  DMTA  was  designed  to  toad  a  specimen 
with  a  cyclic  loading  of  a  controlled  frequency  in  a  controlled  temperature  environment. 
The  oven  of  the  DMTA  was  capable  of  heating  the  specimen  above  the  glass  transition 
temperature  of  the  composite  with  controlled  heating  rate.  The  DMTA  tool  had  the  ability 
to  monitor  the  structural  and  viscoelastic  response  of  the  composite  while  simultaneously 
detecting  changes  in  the  internal  molecular  mobility. 

The  specimens  were  conditioned  in  accordance  to  procedure  C  of  test  method 
D5229  (ASTM  D5229/D5229M,  2002).  The  specimens  were  stored  in  a  conditioning 
chamber  for  3  month  at  a  temperature  of  22  ±  3°C  (7 1 .6  ±  5°F)  and  50  ±  3%  relative 
humidity. 
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6.6.1.  Test  Procedure 


The  DMTA  tool  supported  different  loading  configurations.  The  3  point  bending 
loading  configuration  was  selected  for  this  study.  The  specimens  were  cut  approximately 
46.0  mm  (1.81  in)  long  with  a  width  of  5.0  mm  (0. 1 97  in)  and  a  thickness  of  3.0  mm 
(0. 1 1 8  in).  The  width  of  the  specimen  was  the  thickness  of  the  panel.  Due  to  the  waviness 
of  the  vacuum  bag  face,  the  width  of  the  Tg  specimens  were  wavy  as  mentioned  in 
section  6.5. 

The  specimen  was  installed  into  the  fixture  and  then  placed  into  the  DMTA 
furnace.  The  fixture  with  the  specimen  installed  is  presented  in  Figure  6.5. 


Figure  6.5:  DMTA  Fixture  and  an  Installed  Specimen  in  a  3-pt  Bending  Configuration 
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The  test  was  conducted  at  a  cycling  load  frequency  of  1  hertz  and  a  temperature 
ramp  of  5°C/min  (41°F/min).  The  maximum  temperature  the  test  reached  was  up  to 
approximately  150°C  (302°F). 

The  DMTA  machine  applied  cycling  loading  on  the  specimen.  The  cyclic  loading 
was  modeled  as  forced  vibration  with  hysteresis  damping  having  a  governing  equation 
given  in  equation  (6.4).  Two  forms  of  the  same  equation  arc  presented  in  equation  (6.4). 


+  —  ■x  +  kx  =  Fg  -sinter-/) 
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mx  +  k(\+i-ft)x  =  F0  -  sinter-/) 
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=  deflection  of  the  beam,  m  (in), 

=  velocity  of  the  deflection  of  the  beam,  m/sec  (in/sec), 

=  acceleration  of  the  deflection  of  the  beam,  m/sec2  (in/scc:), 
=  mass  of  the  beam,  kg  (slug), 


=  damping  constant,  kg/sec  (slug/sec), 

=  stiffness  constant,  kg/sec2  (slug/sec2). 

=  amplitude  of  applied  cyclic  loading,  N  (lb). 

=  angular  velocity,  radians/sec, 

=  time,  sec, 

=  imaginary  symbol (V-l). 


The  displacement  coefficient  had  two  terms:  imaginary  and  real.  The  real  term 
was  related  to  the  storage  modulus  and  the  imaginary  term  related  to  the  loss  modulus. 
The  ratio  of  the  loss  modulus  to  the  storage  modulus  was  considered  to  be  the  tan-delta 
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The  DMT  A  produced  three  curves  as  the  output  of  testing  the  specimen.  The 
curves  were  used  to  calculate  the  storage  modulus,  loss  modulus,  and  tan-delta.  The 
curves  of  a  typical  Tg  specimen  are  depicted  in  Figure  6.6. 


Figure  6.6:  Typical  Tg  Output-Curves  from  DMTA 


According  to  ASTM  WK278,  the  peak  of  the  loss  modulus  curve  was  considered 
to  be  the  loss  modulus  glass  transition  temperature.  Similarly,  the  peak  of  the  tan-delta 
curve  was  considered  to  be  the  tan-delta  glass  transition  temperature.  As  for  the  storage 
modulus  curve,  the  plot  of  the  logarithm  of  the  curve  was  needed.  A  plot  of  the  logarithm 
of  the  curve  is  shown  in  Figure  6.7,  Two  tangent  lines  were  drawn  before  and  after  the 
transition,  the  drop  in  the  curve.  The  intersection  of  the  two  lines  was  taken  to  be  the 
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storage  modulus  glass  transition  temperature.  The  tangent  lines  arc  also  depicted  in 
Figure  6.7. 


Figure  6.7:  Storage  Modulus  Logarithmic  Curve 


6.6.2.  Discussion  of  Experimental  Results 

As  mentioned  in  the  previous  section,  three  values  of  Tg  were  calculated  for  each 
set  of  specimens  tested,  containing  5  to  6  specimens  each.  Two  sets  were  taken  from  each 
panel.  The  first  set  represented  the  x-direction,  the  principal  laminate  axis,  and  the  second 
set  represented  the  y-dircction,  orthogonal  to  the  principal  laminate  axis.  The  results  were 
computed  and  collected  for  statistical  analysis:  mean,  standard  deviation,  and  coefficient 
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of  variation.  The  storage  modulus  Tg  had  the  smallest  value  thus  being  the  most 
conservative  result  as  a  design  value.  In  addition,  the  peak  of  the  tan-delta  curve  occurred 
at  the  end  of  the  transition  region  and  the  peak  of  the  loss  modulus  occurred  at  the  middle 
of  the  transition  region  (Karbhari  and  Wang,  2004).  Therefore,  the  data  presented  in 
Figure  6.8  is  only  for  the  storage  modulus  Tg. 


I  Batch  1  □  Batch  2 


Figure  6.8:  Storage  Modulus  Glass  Transition  Temperature  DMTA  Results  (ASTM 

WK278) 


The  experimental  results  depicted  in  Figure  6.8  revealed  that  the  result  is 
independent  of  the  direction  of  the  test,  the  fiber  lay-up,  and  the  batch.  Therefore,  it  was 
concluded  that  the  glass  transition  temperature  was  solely  dependent  on  the  matrix. 
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It  was  perceived  that  the  experiment  was  unable  to  specify  the  degree  of  cure  of 
the  panels.  The  panels  were  infused  and  post-cured  for  6  hours  at  a  temperature  of 
approximately  7I°C  (160°F),  Since  the  DMTA  method  utilized  high  temperature  to 
measure  the  degree  of  cure,  it  affected  the  degree  of  cure  during  the  experiment.  In  other 
words,  the  specimen  was  post  cured  again  as  the  degree  of  post  cure  was  attempted  to  be 
measured.  Therefore,  the  DMTA  method  was  not  a  successful  tool  to  indicate  the  degree 
of  cure  of  the  composite.  On  the  other  hand,  the  DMTA  method  provided  a  glass 
transition  temperature  that  defined  the  upper  use  temperature  limit  of  the  composite. 

6.7.  Recommendations  and  Conclusion 

The  density  and  fiber  volume  fraction  experimental  results  were  dependent  on  the 
thickness  variation  of  the  panels.  The  thickness  variation  of  the  specimen  was  caused  by 
cither  the  mold  used  or  the  infusion  process,  or  both.  The  thickness  variation  was 
depicted  as  the  degree  of  compaction  of  the  fabric.  Thinner  panels  were  a  result  of  higher 
compaction,  and  thus  resulting  in  higher  fiber  volume  fraction.  The  two  batches  showed  a 
difference  in  fiber  volume  fraction  and  density,  which  both  were  correlated  together. 

Both  batches  were  laid  and  infused  at  the  same  manufacturing  laboratory  and  with  the 
same  procedure,  but  at  different  times  and  using  different  fiber  and  resin  batches. 
Therefore,  the  difference  in  the  fiber  volume  fraction  resulted  in  a  difference  in  the 
material  properties:  tension,  compression,  and  shear  as  seen  in  the  previous  chapters. 

The  degree  of  cure  of  the  panels  was  not  established.  The  DMTA  method  proved 
to  be  unsuccessful  in  defining  the  degree  of  cure  of  PMC.  The  cause  was  the  use  of  high 
temperature  to  measure  the  degree  of  cure.  The  high  temperatures  caused  the  material  to 
change  its  degree  of  cure  as  the  latter  was  being  measured.  The  DMTA  method  was  a 
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successful  quality  control  tool  and  a  comparative  tool  for  defining  different  PMCs,  In 
addition,  the  DMTA  method  measured  the  glass  transition  temperature  of  the  composite; 
thus  defining  the  upper  temperature  limit  the  composite  can  be  used  at. 
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Chapter  7:  Evaluation  of  the  Experimental  Results  and 


Implementation  of  the  Classical  Lamination  Theory 

7.1.  Introduction 

Material  properties  of  composites  were  obtained  from  several  different  standard 
tests.  The  tests  conducted  were  tension,  compression,  and  shear.  The  density  and  fiber 
volume  fraction  of  the  material  was  obtained  in  accordance  with  ASTM  standard 
methods.  The  experimental  test  results  were  used  to  obtain  the  material  properties.  The 
criterion  for  selecting  the  appropriate  material  properties  for  design  purposes  and 
comparison  is  stated.  The  selected  results  were  then  normalized  to  a  nominal  thickness 
value.  The  method  behind  the  normalization  and  the  selection  of  the  nominal  value  is 
discussed.  The  normalized  results  were  then  presented  and  the  different  issues  related  to 
the  inability  to  normalize  some  material  properties  arc  discussed.  Since  more  than  one 
test  was  conducted  to  obtain  the  same  material  property,  a  statistical  tool  was  used  to 
compare  the  normalized  results  from  different  test  methods.  The  statistical  tool  indicated 
if  the  results  were  significantly  the  same,  come  from  the  same  population,  or  significantly 
different.  A  similar  method  was  used  to  compare  similar  material  properties  obtained 
from  different  batches.  Using  the  normalized  material  properties,  design  allowable  values 
were  derived  using  the  standard  deviation  of  the  sample  population  and  its  distribution 
about  the  mean.  The  calculation  of  both  A-  and  B-basis  allowables  is  discussed  and  the 
“knockdown”  factor  for  each  material  property  is  represented. 

As  part  of  utilizing  the  properties  obtained  from  the  coupon  testing  program,  the 
classical  lamination  theory  (CLT)  was  used  to  estimate  material  property  values  for 
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different  fiber  lay-up:  [0/90]2Sf  and  [0/±45/0]sr;  the  estimated  values  were  compared  to  the 
experimental  values.  The  CLT  was  implemented  through  a  computer  model  starting  with 
lamina  material  properties  obtained  from  the  experimental  results  conducted  on  the  [0 j+sr 
fiber  lay-up  panel.  The  association  between  the  experimental  results  and  the  CLT 
calculated  values  is  stated  and  discussed. 

7.2.  Background 

Developing  design  allowables  for  composite  materials  requires  extensive  testing 
to  accommodate  the  orthotropic  nature  of  the  material.  Therefore,  obtaining  the  design 
allowables  for  composites  is  more  complex  when  compared  to  metallic  materials  (Wang, 
Banbury  et  al„  1998).  Variability  of  the  material  properties  of  composites  commonly 
originate  from  the  nature  of  the  material,  To  account  for  this  variability,  the  assignment 
of  the  design  allowables  for  the  material  should  acknowledge  the  variability  through  the 
statistical  procedure  (Tomblin,  Ng  et  al.,  2001). 

As  part  of  reducing  the  variability  in  the  experimental  results  originating  from  the 
fiber  volume  content  of  the  material,  the  experimental  data  were  normalized  to  a  nominal 
fiber  volume  content  value  (Tomblin,  Ng  et  al.,  2001 ).  This  process  reduced  the 
variability  of  fiber  dominated  properties  and  was  justified  on  the  basis  that  most  of  the 
load  was  carried  by  the  fibers,  whether  under  tension  or  compression. 

Design  allowables  are  produced  from  the  statistical  distribution  of  the  data.  A 
“knock-down”  factor  was  a  calculated  value  that  was  multiplied  by  the  mean  of  the  data 
to  give  the  design  allowable.  More  data  points  for  a  material  property  result  in  a  higher 
confidence  level  in  the  data,  consequently,  resulting  in  a  higher  “knock-down”  factor. 
One  material  property  might  have  more  than  one  design  allowable.  Each  design 
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allowable  has  a  different  confidence  level  (About.com,  2005).  Two  common  confidence 
levels  used  in  the  aerospace  industry  is  the  A-basis  and  the  B-basis.  The  A-basis  offers 
95%  confidence  that  99%  of  the  samples  will  exceed  the  allowable.  The  B-basis  offers 
95%  confidence  that  90%  of  the  samples  will  exceed  the  allowable. 

7.3.  Evaluating  the  Experimental  Results 

The  material  properties  of  the  polymer  matrix  composite  (PMC)  reinforced  with 
woven  fabric  was  evaluated  by  conducting  a  scries  of  experimental  tests  in  accordance 
with  ASTM  standard  methods  shown  in  Table  7.1.  The  tensile  properties  were  calculated 
by  conducting  two  tests  in  accordance  with  ASTM  standard  methods:  ASTM  D3039  and 
ASTM  D638  (ASTM  D3039/D3039M,  2000;  ASTM  D638,  2002).  The  compression 
properties  were  calculated  by  conducting  two  tests,  one  in  accordance  with  ASTM  D664 1 
(ASTM  D6641/D6641M,  2001)  and  the  other  in  accordance  with  SACMA  SRM  1R 
(SACMA  SRM  1R-94,  1994).  The  properties  calculated  from  the  experimental  results 
from  the  ASTM  D6641  test  were  considered,  due  to  problems  involved  in  conducting  the 
SACMA  SRM  1R  test  method;  Chapter  4  discusses  in  detail  the  difference  between  the 
two  test  methods  and  the  advantages  and  disadvantages  of  each  test.  As  for  the  shear 
properties,  similarly,  two  test  methods  were  conducted.  The  first  test  in  accordance  with 
ASTM  D4255  (ASTM  D4255/D4255M,  2002),  and  the  second  test  in  accordance  with 
ASTM  D5379  (ASTM  D5379/D5379M,  1999).  The  shear  properties  for  ASTM  D5379 
were  not  considered  due  to  the  high  variability  in  the  results  that  were  due  to  non -uni form 
strain  in  the  region  of  interest,  the  gage  section.  Chapter  5  confirms  the  high  variability  in 
the  results  and  explicates  the  different  issues  related  in  conducting  each  test  method  and 
the  advantages  and  disadvantages  of  each  test. 
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For  both,  the  tension  and  compression  tests,  a  bi-linear  curve  was  implemented  to 
model  the  stress  strain  curve  of  each  specimen.  This  procedure  resulted  in  obtaining  an 
initial  modulus  of  elasticity  and  a  final  modulus  of  elasticity  for  the  material.  In  addition, 
a  transition  point  was  obtained  to  indicate  the  transition  between  the  initial  region  and 
final  region.  For  design  purposes,  the  initial  modulus  was  considered,  and  this  chapter 
will  tackle  the  evaluation  of  the  experimental  results  through  use  of  the  initial  modulus  of 
elasticity.  The  material  properties  obtained  from  each  test  are  summarized  in  Table  7. 1 , 
the  properties  presented  are  from  the  initial  range. 

Table  7. 1:  Material  Properties  Obtained  from  Standard  Test  Methods 


Test 

Coupon 

Standards 

Properties 

Tension 

(composites) 

Tabbed 

Rectangular 

ASTM  D3039 

E[,  E2,  vn. 

Fit,  f*  2t 

Tension 

(plastics) 

Dumbbell 

ASTM  D638 

Ei,  E2,  V12, 

Fit,  F2t 

Compression 

(composites) 

Rectangular 

ASTM  D664 1 

Ei,  E2,  V)3  (v)2), 

F ic,  F2c 

Compression 

(plastics) 

Tabbed 

Rectangular 

SACMA  SRM  1R 
(ASTM  D695) 

Ei,  E2,  V13, 

F ic,  F2c 

Shear 

(large  —  composites) 

Three-Rail 

ASTM  D6641 

g12,  f6 

Shear 

(small  -  composites) 

V-Notchcd 

ASTM  D5379 

G12,  Ffi 

7.3.1.  Normalizing  the  Material  Properties 

Two  sets  of  panels  were  tested;  each  set  was  manufactured  at  a  different  time  and 
is  referred  to  as  a  different  batch.  Three  fiber  lay-up  architectures  constituted  each  set  of 
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panels:  [0]4Sf,  [0/90]2Sf,  and  [0/±45/0]sf-  a  total  of  8  layers  for  each  lay-up.  Due  to  the  fact 
that  each  batch  was  manufactured,  infused,  at  a  different  time,  the  physical  properties  of 
the  batches  differed.  The  difference  was  mainly  in  the  thickness  of  the  panel  and  the  resin 
properties.  The  thickness  of  the  batches  differed  depending  on  the  vacuum  pressure 
applied  during  infusion  of  the  resin;  in  addition,  each  panel  had  thickness  variations 
across  the  surface.  The  thickness  variation  was  characterized  by  cither  total  thickness 
variation  or  local  thickness  variation.  The  local  thickness  variation  was  measured  to  be 
approximately  0.48  mm  (0.01 89  in);  while,  the  total  thickness  variation  was  measured  to 
be  approximately  0.68  mm  (0.0268  in).  A  surface  contour  plot  presented  in  Figure  7.1 
shows  the  thickness  variation  of  one  of  the  panels  under  study;  the  panels  were 
manufactured  with  a  length  of  1.83  m  (6  ft)  and  a  width  of  1.22  m  (4  ft). 
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Figure  7.1:  Contour  Plot  of  the  Total  Thickness  Variation 


The  thickness  of  the  panels  varied  locally  and  across  the  surface  of  the  panel, 
which  necessitated  the  material  properties  to  be  normalized  to  a  nominal  thickness.  The 
thickness  variation  affected  fiber  dominated  material  properties:  Ei,  E2,  F|t,  Fig,  F2t,  and 
F 2g.  These  properties  were  normalized  to  a  nominal  thickness  of  5.08  mm  (0.2  in).  The 
properties  were  normalized  based  on  the  fiber  areal  weight,  as  given  by  the  fabric 
supplier:  817.13  g/m2  (24.1  oz/yd2),  and  the  E-glass  fiber  density:  2.54  g/cm3  (158.57 
lb/ft3').  Using  these  two  properties,  it  was  found  that  the  product  of  the  material  thickness 
and  the  fiber  volume  fraction  is  constant.  The  constant  value  and  the  equation  arc  given 
in  equation  (4.1). 
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(7.1) 


Vf-t  =  N  —  =  2.SlA  mm 

'  Df 

where: 

V f  =  volume  fraction  of  the  Fiber, 

/  =  thickness  of  the  material,  mm  (in), 

N  =  number  of  layers  of  the  fabric,  8  layers, 

Aw  =  aerial  density  weight,  817.13  g/m2  (24.1  oz/yd2), 

Df  =  density  of  the  fiber,  2.54  g/cm'1  ( 1 58.57  lb/ft3). 

The  fiber  dominated  properties  were  normalized  by  multiplying  the  experimental 
value  by  the  ratio  of  the  nominal  thickness  and  the  average  thickness  of  the  coupon.  This 
process  was  carried  out  for  every  specimen  tested  in  tension  or  compression  from  each 
batch  and  for  both  standard  tests. 

The  matrix  dominated  properties:  G12,  V13,  and  F<s,  were  not  normalized  due  to  the 
complexity  of  the  different  parameters  that  control  the  matrix.  The  matrix  was  made  of 
vinyl  ester  rubberized  resin.  Some  of  the  parameters  that  control  the  properties  of  the 
matrix  are:  temperature  and  relative  humidity  of  infusion,  additives  used,  gel  time,  and 
vacuum  applied  during  infusion.  Such  parameters  are  not  measurable  after  the  panels  are 
manufactured  and  thus  making  it  difficult  to  normalize  to  a  nominal  value. 

A  summary  of  the  normalized  experimental  values  arc  presented  in  Table  7.2.  The 
table  presents  the  results  from  batch  1  separate  from  batch  2  for  emphasis  on  the 
difference  in  the  results. 
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Table  7.2:  Summary  of  Normalized  Experimental  Results 


[0]4.f 

[0/90]2sf 

[0/±45/0],f 

Experimental 

Experimetal 

Experimetal 

Batch  1 

Elt  (GPa) 

25*82 

24.56 

20.19 

E2t  (GPa) 

22*41 

24.33 

17.37 

v12 

0.14 

0.128 

0.334 

Fit  (MPa) 

435 

374.9 

298.6 

F2t  (MPa) 

342*2 

372.8 

235.5 

Elc  (GPa) 

27.84 

26.05 

18.97 

E2c  (GPa) 

24.24 

23.81 

17.05 

v13c 

0.369 

0.408 

0.436 

Fic  (MPa) 

369*88 

368.7 

298.15 

F2c  (MPa) 

362.4 

352.15 

257.5 

G12  (GPa) 

4.71 

4.53 

7.72 

F6  (MPa) 

35.53 

32.81 

33.26 

Batch  2 

Elt  (GPa) 

26.22 

24.32 

19.48 

E2t  (GPa) 

22.58 

24,17 

18.03 

v12 

0.146 

0.127 

0.331 

Fit  (MPa) 

424.3 

395.5 

279.6 

F2t  (MPa) 

344 

382.4 

256.4 

Elc  (GPa) 

23.27 

21.04 

18.6 

E2c  (GPa) 

19.49 

19.87 

17.92 

v13c 

0.432 

0.439 

0.423 

Fic  (MPa) 

346.42 

338.31 

271.7 

F2c  (MPa) 

307,78 

321.7 

242.9 

G12  (GPa) 

5.25 

5.08 

8.33 

F6  (MPa) 

19.03 

17.81 

43*485 

The  tensile  properties  represented  in  the  table  arc  the  average  of  the  normalized 
results  of  the  two  tensile  tests  conducted:  ASTM  D3039  and  ASTM  D638.  The 
compression  properties  are  the  normalized  values  of  the  ASTM  D664I  test  and  the  shear 
properties  arc  the  normalized  values  of  the  ASTM  D4255  test.  The  values  in  the  shaded 
area  shown  in  Table  7.2  were  obtained  from  un-normalized  properties. 

7.3.2.  Statistical  Comparison  of  Normalized  Material  Properties 

Since  two  standard  test  methods  were  conducted  to  obtain  the  same  material 
property,  it  was  substantial  to  check  if  the  results  were  from  the  same  sample  population. 
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The  comparison  was  conducted  on  all  pair  of  combinations  of  four  different  experimental 
results  obtained  from  two  test  standards  and  from  two  batches.  In  addition,  all  four  results 
were  compared  simultaneously.  Both  the  student  t-test  and  the  ANOVA  statistical  tool 
were  used  to  identi  fy  the  significance  of  difference  between  each  pair  of  results.  The 
level  of  confidence  was  set  to  95%  (alpha  =  0.05).  Both  tools  gave  the  same  results.  As 
for  the  comparison  of  all  four  experimental  results,  the  ANOVA  statistical  tool  was  used. 
The  statistical  comparison  was  conducted  on  normalized  material  properties  to  eliminate 
the  effect  of  the  thickness  variation  in  the  panel.  Therefore,  the  statistical  study  was 
conducted  on  tension  and  compression  material  properties  but  not  on  shear  properties.  It 
was  conducted  on  the  modulus  of  elasticity  obtained  from  the  initial  range  and  the 
ultimate  strength,  in  both  principal  material  directions.  The  results  of  the  comparison  are 
represented  in  Table  7.3  for  tension  and  Table  7.4  for  compression  and  are  summarized  in 
a  matrix  format  in  which  all  three  lay-ups  are  presented.  The  color  of  the  material 
property  indicates  if  the  statistical  comparison  showed  that  the  experimental  results  of  the 
compared  pair  come  from  the  same  population  sample;  the  green  color  indicate  that  the 
experimental  results  come  from  the  same  population  sample  while  the  red  color  indicate 
that  they  arc  significantly  different. 
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Table  7.3:  Statistical  Comparison  of  Tension  Normalized  Material  Properties 


Batch  One 

Batch  Two 

i  enbiun 

D3039 

D638 

D3039 

D638 

© 

c 

O 

D3039 

.c 

y 

El 

E2 

F1 

F2 

[OW 

nj 

m 

D638 

El 

E2 

FI 

F2 

pvaohrf 

El 

E2 

FI 

F2 

[0/±45/0]4af 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[OW 

0 

> 

D3039 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[0/9QW 

> 

h 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[0/±45/0]4* 

£ 

o 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[OW 

© 

CD 

D638 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[0/90W 

El 

E2 

FI 

F2 

Et 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[0/±45/0]4s, 

El 

E2 

FI 

F2 

[OW 

ALL 

El 

E2 

FI  - 

F2 

tewaow 

El 

E2 

FI 

F2 

[0/±45/0]4sf 

Table  7.4:  Statistical  Comparison  of  Compression  Normalized  Material  Properties 


Batch  One 

Batch  Two 

D6641 

D695 

D6641 

D695 

© 

e 

O 

D6641 

.c 

o 

El 

E2 

FI 

F2 

[OW 

** 

CD 

D695 

El 

E2 

FI 

F2 

[0/9Q]aaf 

El 

E2 

FI 

F2 

[0/±45/0]4* 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[014* 

o 

> 

D6641 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2  , 

[0/90]23f 

> 

H 

El 

E2 

FI 

F2 

Et 

E2 

FI 

F2 

[0/±45/0W 

JC 

O 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

121m 

© 

DQ 

D695 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[0/90W 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

El 

E2 

FI 

F2 

[0/±45/0]4s( 

El 

E2 

FI 

F2 

[0W 

ALL 

El 

E2 

FI 

F2 

[0/9012* 

El 

E2 

FI 

F2 

[0/±45/0]4* 
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The  latter  tables  were  inconclusive  and  a  definite  pattern  was  not  found  in  the 
agreement  of  the  compared  results.  Therefore,  the  experimental  results  were  not 
concluded  to  come  from  the  same  population  sample  when  tested  using  different  test 
methods  or  different  panel  batches. 

7.3.3.  Selecting  the  Relevant  Material  Properties 

The  results  of  the  tests  conducted  showed  higher  variability  in  the  compression 
values  than  in  the  tension  values.  In  addition,  as  part  of  obtaining  design  values  from  the 
properties,  the  relevant  material  properties  were  selected.  Therefore,  the  moduli  of 
elasticity  calculated  by  the  tension  tests  were  considered  to  be  the  moduli  of  the  material 
and  Table  7.5  displays  the  material  properties  selected  for  further  evaluation.  The  tension 
properties  from  batch  1  and  batch  2  were  averaged  due  to  the  small  differences  between 
the  values.  The  tension  properties  were  fiber  dominated  properties  that  did  not  change 
significantly  between  batch  1  and  batch  2.  Therefore,  the  compression  and  shear 
properties  for  each  batch  were  not  averaged  due  to  the  large  difference  in  the  values;  note 
that  the  compression  properties  were  not  considered  to  be  fiber  dominated  properties  due 
to  the  nature  of  the  fabric  used  which  was  woven  fabric  with  relatively  heavy  tows  with 
an  areal  weight  of  817.13  g/m:  (24.1  oz/yd:).  The  compression  ultimate  strength,  F]C  and 
F2c  were  not  considered  to  be  fiber  dominated  properties  since  the  compression  failure 
was  controlled  by  the  local  buckling  of  the  fabric  in  the  matrix  which  was  governed  by 
the  resin’s  properties. 
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Table  7.5:  Selected  Relevant  Material  Properties 


[0]48f 

Experimental 

El  {GPa} 

26.01 

E2  (GPa) 

22.51 

v12 

0.143 

Fit  (MPa) 

429.1 

F2t  (MPa) 

343.2 

Fic  (MPa) 

369.9 

c 

F2c  (MPa) 

362,4 

% 

G12  (GPa) 

4.71 

F6  (MPa) 

35.5 

£V 

Fic  (MPa) 

346.4 

F2c  (MPa) 

307.8 

1 

G12  (GPa) 

5.25 

F6  (MPa) 

19.0 

[0/90]2s, 

Experimetal 

24.44 

24.25 

0.127 

385.2 

377.6 

368.7 

352.15 

4.53 

32.81 

338.31 

321.7 

5.08 

17.81 

[QI±45tQ]9f 

Experimetal 

19.83 

17.7 

0.332 

289+1 

245.96 

298.15 

257.5 

7.72 

33.26 

271.7 

242.9 

8.33 

43.485 

7.3.4.  Obtaining  the  Design  Allowable  Values 

The  experimental  results  obtained  from  the  tests  were  useful  for  comparison 
purposes  with  other  composite  data  or  for  preliminary  design.  As  part  of  using  the 
material  properties  obtained  for  the  PMC  with  woven  fabric  reinforcement,  statistical 
analysis  was  implemented  to  calculate  the  design  allowables  for  the  material.  The  design 
allowables  were  generated  for  A-basis  and  B-basis  statistical  analysis.  The  A-basis 
allowable  provided  95%  confidence  that  99%  of  the  material  sample  would  exceed  the 
allowable.  This  type  of  design  allowable  is  typically  used  for  critical  structures.  On  the 
other  hand,  the  B-basis  allowable  provided  95%  confidence  that  90%  of  the  material 
sample  would  exceed  the  allowable  and  is  typically  used  for  non-critical  structures. 

The  methodology  for  obtaining  design  allowables  for  composite  materials  is 
explained  in  the  Military  Hand  Book  17-1F:  (MIL-HDBK-17-1E)  section  2.4.3.  The 
procedure  is  summarized  in  the  following  reference  (Tomblin,  Ng  ct  al.,  2001).  The  data 
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for  each  material  property  was  grouped  together.  Each  testing  environment  group  was 
pooled  together;  in  the  testing  program  presented  in  this  study,  one  testing  environment 
was  used  which  was  standard  conditions  of  22°C  (71.6°F)  and  50%  relative  humidity. 

The  pool  of  sample  values  for  one  material  property  was  normalized  to  a  nominal 
thickness  of  5.08  mm  (0.2  in).  Outliers  were  checked  from  each  group  by  calculating  the 
Maximum  Normcd  Residual  (MNR)  according  to  equation  (7.2).  The  MNR  value  for 
each  sample  was  compared  to  the  critical  value  of  the  sample  size  of  the  pool.  The  critical 
value  was  provided  by  the  MIL-HDBK-17-IE  fora  wide  number  of  sample  sizes.  For 
every  sample  that  had  its  MNR  greater  than  the  critical  value,  it  was  considered  to  be  an 
outlier  and  thus  removed  from  the  pool  which  was  carried  on  for  statistical  analysis. 

MNR,  =0—3  (7.2) 

where: 

MNR,  =  Maximum  Normed  Residual  of  sample  i, 
x(.  -  the  data  value  of  sample  i,  Pa  (psi), 

x  =  the  mean  of  the  pooled  samples.  Pa  (psi), 

s  =  the  standard  deviation  of  the  pooled  samples,  Pa  (psi). 

The  pooled  data  was  then  checked  for  normality.  In  other  words,  the  data  was 
checked  if  it  had  a  normal  distribution.  This  process  was  conducted  by  visual  comparison 
of  the  data  distribution  with  the  best-fit  normal  curve.  The  probability  of  survival  of  each 
sample  from  the  pool  was  calculated  according  to  equation  (7.3)  and  plotted  against  its 
corresponding  data  value. 
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(7.3) 


Probability  of  Survival  of  jr  =  1 - — 

'  n  + 1 

where: 

/  =  rank  of  the  .t,  data  value  in  the  sorted  list,  ascending  order, 

n  =  the  total  number  of  samples  in  the  pool. 

The  generated  curve  was  visually  compared  to  the  best-tit  normal  curve  which 
was  generated  from  the  mean  and  standard  deviation  of  the  pooled  data.  A  typical  graph 
of  such  a  comparison  is  depicted  in  Figure  7.2.  The  graph  presented  in  Figure  7.2  was 
generated  from  the  pooled  data  of  F|t  experimental  values. 


Figure  7.2:  Typical  Normality  Check 
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If  the  assumption  for  normality  was  violated,  the  Weibull  distribution  would  have 
been  chosen  for  data  fitting.  After  the  normality  distribution  of  the  data  was  verified,  the 
A-  and  B-  basis  “knock-down”  factors  were  calculated.  The  tolerance  factor  was  first 
calculated  according  to  equations  (7.4)  and  (7.5). 


(  u  Y 


Q  ycA‘n  ^2e 


A  J 


2  cA 


(7.4) 


where: 


kA  =  A-basis  tolerance  factor 
z  A  =2.32635 

/  =  n-2 

n  =  the  number  of  pooled  samples 

Q  =  f -2.327^/+!. 138  +  0.6057-^-0.3287— 

v/  f 

c.  =  0.36961  +  0.0026958— )=-0.65201—  +  0.011320— != 

47  f  f47 

b.  =  2.0643— )—-0.95145  — +  0.51251 — (=. 

47  f  /47 


#-] 

\Q  V<V»  12cJ 


2  CB 


(7.5) 


where: 


kH  =  B -basis  tolerance  factor 

=1.28115 

/  =  n-2 

n  —  the  number  of  pooled  samples 

=  /-  2.327^/7  +  1 .138  +  0.6057  —  -  0.3287  y 


V7 


1 


=  0.36961  +0.0040342—- 0.7 1750—  +  0. 19693 — = 

V7  /  /V7 
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k,  —  1.1372— ^-0.49162— +  0.18612 

V7  / 

Once  the  tolerance  factors  were  determined,  the  normal  distribution  allowables 
were  calculated  according  to  the  equations  presented  in  (7.6).  These  values  are 
considered  as  “knock-down”  factors  less  than  1 . 


A  =  x -kA  s 
B  -x  ~  kB  s 


(7.6) 


where: 

A  ~  normal  distribution  A-basis  allowable 

B  —  normal  distribution  B-basis  allowable 

kA  =  A-basis  tolerance  factor 

kg  =  B-basis  tolerance  factor 

x  =  the  mean  of  the  pooled  samples.  Pa  (psi) 

s  =  the  standard  deviation  of  the  pooled  samples.  Pa  (psi). 


The  basis  values  arc  calculated  by  multiplying  the  mean  of  each  pooled  set  by  the 
“knock-down”  factors.  The  design  allowables  were  calculated  for  one  set  of  fiber  lay-up 
panels,  [0]4sf.  A  summary  of  the  values  obtained  are  presented  in  Table  7.6,  which  depicts 
the  average  normalized  values,  the  “knock-down”  factors,  and  the  basis  values  for  both 
the  A-  and  B-  basis  design. 
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Tabic  7.6:  A-  and  B-basis  Design  Allowable  Values 


[OW 

Average 

"knockdown" 

Statistic  Basis 

Normalized 

factor 

Va 

ue 

Experimental 

A-basis 

B-basis 

A-basis 

B-basis 

El  (GPa) 

26.01 

0.9291 

0.9589 

24.17 

24.94 

E2  (GPa) 

22.51 

0.9337 

0.9616 

21.02 

21.65 

Fit  (MPa) 

429.1 

0.8383 

0.9063 

359.7 

388.9 

F2t  (MPa) 

343.2 

0.9111 

0.9485 

312.7 

325.5 

Fic  (MPa) 

360.1 

0.6311 

0.7831 

227.3 

282.0 

F2c  (MPa) 

336.9 

0,6236 

0.7794 

210.1 

262.6 

Note  that  the  values  of  batch  1  and  batch  2  were  combined  to  calculate  the  design 
allowables.  Since  there  was  a  large  variability  in  the  ultimate  compression  strength 
values,  the  “knock-down”  factors  are  relatively  small  compared  to  the  “knock-down” 
factors  of  the  other  properties,  thus,  reducing  the  design  allowables  calculated. 

7.4.  Classical  Lamination  Theory  Based  Modeling  Approach 

A  Classical  Lamination  Theory  (CLT)  based  model  was  implemented  to  verify, 
through  modeling  techniques,  the  experimental  results.  The  model  predicts  the  behavior 
of  multidirectional  laminate  as  a  function  of  the  properties  of  the  individual  layers  and  the 
stacking  sequence  of  the  layers.  The  CLT  takes  into  account  basic  assumptions  as  part  of 
predicting  the  behavior  of  the  laminate.  The  assumptions  are  the  following  (Daniel  and 
Ishai,  1994); 

1 .  Each  layer  of  the  laminate  is  quasi- homogenous  and  orthotropic. 

2.  The  laminate  and  its  layers  are  in  a  state  of  plane  stress. 

3.  All  displacements  are  small  compared  with  the  thickness  of  the  laminate. 

4.  Displacements  arc  continuous  throughout  the  laminate. 
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5.  In-plane  displacements  vary  linearly  through  the  thickness  of  the  laminate. 

6.  Transverse  shear  strains  yxz  and  y^.  are  negligible. 

7.  Strain-displacement  and  stress-strain  relations  are  linear. 

8.  The  transverse  normal  strain  s*  is  negligible. 

The  properties  of  the  lamina  were  obtained  from  the  experimental  results  of 
testing  the  [0]4Sf  lay-up  laminate.  In  this  type  of  fabric  lay-up  sequence,  the  laminate 
properties  are  the  same  as  the  individual  layer  properties  as  long  as  all  the  layers  arc 
composed  of  the  same  material.  By  this  approach,  the  lamina  properties  of  the  PMC 
reinforced  with  woven  E-glass  fabric  under  study  was  calculated  experimentally.  Using 
the  properties  of  the  lamina,  the  properties  of  the  different  fabric  lay-up  sequence  was 
predicted  using  the  CLT  based  model  approach.  Since  two  other  fabric  lay-up  sequences 
were  tested,  [0/90]2$f  and  [0/±45/0]sr,  the  properties  of  these  lay-up  sequences  were 
predicted  using  the  model  and  compared  with  the  experimental  results. 

7.4.1,  Method  of  Implementing  the  CLT  Based  Model 

As  mentioned  earlier,  the  model  starts  with  the  properties  of  one  lamina.  The 
properties  of  each  lamina  were  supplied  from  the  experimental  results  and  they  consist  of 
the  thickness  of  the  layer,  the  orientation  of  the  layer  with  respect  to  a  reference  axis, 
elastic  constants,  and  strength  parameters.  Once  these  properties  were  supplied,  the 
reduced  stiffness  matrix  or  the  principal  stiffness  matrix  was  calculated  for  each  layer. 
With  the  help  of  the  transformation  matrix,  the  pr  incipal  stiffness  matrix  of  each  layer  is 
used  to  build  the  cxtcnsional  stiffness  matrix  [A],  coupling  stiffness  matrix  [B],  and  the 
bending  stiffness  matrix  [D]  of  the  laminate.  Combining  all  three  matrices,  the  laminate 
stiffness  matrix  was  obtained  [ABD],  The  inverse  of  the  latter  matrix  gave  the  laminate 
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compliance  matrix.  Using  the  component  of  the  laminate  compliance  matrix,  the  elastic 
constants  of  the  laminate  were  calculated.  The  elastic  constants  were  the  clastic  moduli, 
E**  and  Eyy,  the  Poisson’s  Ratios,  vxy  and  Vj*,  and  the  shear  modulus,  G*y. 

A  stress  of  one  unit  was  assumed  to  be  applied  to  the  material.  Depending  on 
what  strength  parameter  was  needed  to  be  calculated,  the  load  was  applied.  In  other 
words,  if  the  ultimate  tensile  strength  was  needed  in  the  principal  direction,  Fxl,  a  unit 
tensile  stress  was  applied  in  the  principal  direction,  N*.  Once  the  stress  was  applied,  the 
strains  and  curvatures  on  the  reference  plane  were  calculated  using  the  laminate 
compliance  matrix.  Since  both  lay-up  sequences  under  study  were  balanced  and 
symmetrical,  the  curvatures  were  zero.  The  strains  of  each  lamina  in  the  laminate  were 
obtained  from  the  reference  strains  and  curvatures.  Using  each  lamina’s  stiffness  matrix, 
the  stresses  in  each  layer  were  calculated  in  the  global  coordinate  system,  x-y-z 
coordinate  system.  Using  the  transformation  matrix,  the  principal  material  stresses  were 
calculated  (1-2-6  coordinate  system). 

For  this  study,  the  interactive  tensor  polynomial  failure  theory  (Tsai-Wu  Failure 
Theory)  was  implemented.  The  safety  factor  of  each  lamina  was  calculated  and  the 
minimum  was  considered  to  be  the  laminate  safety  factor.  The  latter  safety  factor  was  the 
laminate  strength  for  the  first  ply  failure  approach,  when  damage  was  detected  in  one  of 
the  laminas  cither  matrix  failure  or  fiber  failure. 

To  predict  ultimate  failure  of  the  PMC,  a  damage  factor  was  applied  to  the 
material  properties.  A  typical  damage  factor  is  0.25,  applied  to  material  properties 
governed  by  the  matrix.  Since  the  material’s  stress-strain  curve  of  the  following  study 
was  modeled  with  a  bi -linear  model,  the  ratio  of  the  elastic  modulus  of  the  final  region  to 
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the  elastic  modulus  of  the  initial  region  was  taken  to  be  the  degradation  factor  that  was 
applied  to  the  material’s  property  in  the  CLT  based  model,  The  degradation  factors 
calculated  for  both  principal  material  directions  were  as  following:  n  =0.83  and  r;  = 
0.76.  As  for  the  degradation  factor  in  the  shear  direction,  ri2,  a  different  method  was 
implemented  since  the  shear  stress  strain  curve  was  not  represented  by  a  bi-linear  model 
but  rather  by  a  hyperbolic  tangent  curve  fit,  Therefore,  an  optimization  technique  was 
implemented  to  calculate  the  rj 2  degradation  factor  such  that  the  [0/±45/0]Sf  experimental 
results  agree  with  the  CLT  based  model  predictions;  and  the  calculated  value  was  0.51. 

Once  the  degradation  factors  were  applied  to  the  material’s  elastic  properties,  the 
same  process  of  calculating  the  first  ply  failure  was  repeated  but  matrix  failure  was 
ignored  and  fiber  failure  only  detected.  This  approach  focused  on  detecting  fiber  failure 
in  the  material  which  was  considered  the  ultimate  failure  of  the  material.  The  safety 
factor  calculated  in  this  approach  was  considered  the  material  ultimate  failure  in  the 
direction  and  state  of  loading  assumed  at  the  beginning,  tension,  compression,  or  shear. 
In  some  cases,  the  first  ply  failure  was  the  same  as  the  ultimate  failure  and  occurs  when 
the  first  ply  failure  detected  is  fiber  failure.  The  procedure  of  implementing  the  CLT 
based  model  was  taken  from  the  following  reference  (Daniel  and  Ishai,  1994). 

A  computer  program  was  used  to  carry  out  the  calculation  of  the  model 
procedure.  The  program  was  written  on  MATCAD  software.  MATCAD  was  chosen  due 
to  it’s  clarity  in  carrying  calculation  steps,  especially  matrix  calculations,  and  its  ease  in 
monitoring  the  procedure.  In  addition,  the  same  program  was  used  to  calculate  all  the 
material  properties  needed  for  comparison  with  the  experimental  results  by  a  simple 
change  of  the  layers’  orientation  and  the  applied  loading. 


7.4.2.  Discussion  of  the  Comparison  of  Results 


As  mentioned  earlier,  the  material  properties  used  in  the  model  were  the 
experimental  values  of  the  [0]4Sf  fiber  lay-up  panel.  Since  two  batches  were  tested,  two 
sets  of  material  properties  were  obtained  from  each  fabric  lay-up  sequence.  The  material 
properties  were  normalized  to  a  nominal  thickness  of  0.508  mm  (0.2  in).  As  discussed  in 
section  7.3.3,  the  tensile  properties  obtained  from  both  batches  showed  relatively  similar 
values  while  the  compression  and  shear  properties  showed  large  difference  between  the 
two  batches.  This  was  explained  by  the  difference  in  the  matrix  between  the  two  batches 
which  introduced  significant  effects  on  the  compression  and  shear  properties  obtained 
from  the  experiments  and  did  not  affect  the  tensile  experimental  values,  since  they  were 
solely  fiber  dominated  properties.  The  lamina  properties  were  taken  form  the  [0]^ 
experimental  results  after  normalizing  the  values  and  selecting  the  relevant  properties;  the 
values  are  presented  in  Table  7.5. 

The  lamina  properties  used  as  an  input  were  different  for  batch  l  and  batch  2.  The 
values  of  the  predicted  properties  compared  to  the  experimental  properties  are  presented 
in  Table  7.7.  The  presented  comparison  in  Table  7.7  show  a  high  agreement  between  the 
experimental  and  CLT  based  model  predictions.  This  was  due  to  the  use  of  degradation 
factors  obtained  from  experimental  results.  It  was  observed  that  the  Poisson’s  ratio  and 
the  shear  ultimate  strength  of  the  [0/±45/0]sr  showed  large  errors  in  the  comparison.  It 
was  explained  by  the  inability  to  normalize  the  results  and  thus  rendering  them  universal 
for  comparison  with  the  CLT  based  model.  The  shaded  properties  in  Table  7.7  arc  un¬ 
normalized  values. 
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Table  7.7:  CLT  Predictions  and  Experimental  Results  Comparison 


Lamina  Data 

[0/90]llt 

[0/145/0] 

Input  [Q]4„ 

CLT 

U  Maine 

CLT 

U  Maine 

Experimental 

Pred. 

Exp. 

%  Error 

(FPF)  i  (FF) 

exp. 

%Error 

El  (GPa) 

25.82 

24.12 

24.56 

1.82% 

20,58 

20.19 

1.90% 

E2  (GPa) 

22.41 

24.12 

24.33 

0.87% 

18.99 

17.37 

8.53% 

v12 

0.140 

0.13 

0.128 

1.54% 

0,298 

0.334 

12.08% 

r* 

£ 

Fit  (MPa) 

435.0 

366.9 

374.9 

2,19% 

119.2  |  306.6 

298.6 

2.62% 

o 

F2t  (MPa) 

342.2 

366,9 

372.8 

1.62% 

118.8  253.4 

235.5 

7.05% 

(0 

m 

FI  c  (MPa) 

369.9 

346.8 

368.7 

6.33% 

117.3  262.1 

298.2 

13.75% 

F2c  (MPa) 

362.4 

346.8 

352.2 

1.56% 

110,0  |  275,2 

257.5 

6,43% 

4*71 

4.71 

4.53 

3.82% 

7,69 

772 

0.39% 

HJI.'.IJH 

35.53 

35.53 

32.81 

7.66% 

58.01  |  140.4 

33,26 

42.67% 

El  (GPa) 

26.22 

24.4 

24.32 

0.33% 

21.27 

19,48 

8,42% 

E2  (GPa) 

22.58 

24  4 

24.17 

0.94% 

19.56 

18.03 

7,82% 

v12 

0.146 

0.135 

0.127 

5.93% 

0.288 

0.331 

14.93% 

X 

Ftt  (MPa) 

424.3 

370,1 

395,5 

1  6,87% 

60.41  1  298,3 

279,6 

6.28% 

O 

F2t  (MPa) 

344,0 

370.1 

382.4 

3.33% 

56.58  258,0 

256.4 

063% 

03 

CO 

Fic  (MPa) 

346.4 

323.4 

338.3 

4,62% 

58.92  252,1 

271.7 

7.77% 

F2c  (MPa) 

307.8 

323.4 

321.7 

0.51% 

55.12  I  242,3 

242.9 

0.26% 

G12  (GPa) 

5.25 

5.25 

5.08 

3.24% 

8.00 

8.33 

4.13% 

19.03 

19.03 

17.81 

6,41% 

“29  1  139.1 

43.49 

49.96% 

=  un-normalized  data 


7.5.  Conclusion  and  Recommendations 

It  was  essential  to  normalize  the  composite  material  properties,  obtained  from 
experiments,  for  comparison  of  different  panels.  This  was  achieved  by  using  a  nominal 
thickness  chosen  according  to  the  needs  of  the  comparison.  The  normalization  was 
possible  only  for  fiber  dominated  properties.  Therefore,  the  matrix  dominated  properties 
were  not  normalized  and  were  not  comparable  between  different  panels.  A  statistical 
analysis  was  conducted  on  the  normalized  properties  to  measure  the  degree  of 
significance  of  two  set  of  results  that  should  ideally  give  the  same  values.  The  statistical 
analysis  compared  results  from  different  test  methods  and  different  material  batches. 

Normalized  properties  were  used  to  obtain  the  corresponding  design  allowables. 
The  “knock-down”  factor  obtained  through  calculating  the  design  allowables  was  based 
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on  the  variation  of  the  results  and  their  distribution.  In  other  words,  the  “knock-down” 
factor  revealed  the  repeatability  and  reliability  of  properties  obtained  through  the  testing 
program.  Due  to  the  difficulties  faced  during  the  compression  testing,  the  design 
allowables  were  significantly  smaller  than  the  mean  of  the  experimental  results. 
Normalization  of  the  matrix  dominated  properties  is  necessary  for  future  work,  and 
further  understanding  and  improving  with  composite  materials  designs. 

The  C'LT  based  model  showed  accurate  predictions  of  experimental  results  when 
the  properties  were  normalized.  The  pscudo-quasi  isotropic  lay-up  experimental  results 
were  used  to  calculate  the  degradation  factor  needed  to  predict  the  failure  of  the  material 
in  the  CLT  based  model.  Since  the  matrix  dominated  properties  were  not  normalized,  the 
comparison  of  the  CLT  based  model  and  the  experimental  results  did  not  show  good 
agreement  with  the  in-plane  shear  properties.  As  part  of  verifying  the  model,  different 
fiber  lay-ups  can  be  tested  and  used  in  comparison  with  the  CLT  based  model 
predictions.  Such  further  study  is  recommended  for  future  work. 
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Chapter  8:  Conclusions  and  Recommendations 


8.1.  Strain  Measurement  Using  3-D  Digital  Image  Correlation  System 

The  full-field  strain  captured  by  the  three-dimensional  digital  image  correlation 
(DIC)  system  lor  the  tension,  compression,  and  shear  tests  demonstrated  the  benefits  of 
using  3-D  digital  image  correlation  photogrammetry  technology.  The  advantages  of  the 
DIC  system  over  conventional  strain  measuring  tools  include  producing  full-field  strains 
and  reducing  the  experimental  variability  of  the  obtained  material  properties.  Orientation 
of  the  conventional  strain  measuring  tools  parallel  to  the  applied  toad  is  one  source  of 
testing  variability  that  is  eliminated.  The  other  source  of  error  that  is  eliminated  is  due  to 
the  point-averaging  of  strains  under  conventional  strain  gages. 

The  DIC  capability  to  measure  full-field  strain  gave  rise  to  inspecting  possible 
errors  caused  by  accepted  testing  methods,  used  to  derive  composite  material  properties. 
For  example,  the  compression  fixtures  used  to  test  marine  grade  composites  induced  non- 
uniform  strain  in  the  gage  section,  thereby,  introducing  errors  in  the  material  properties 
calculated.  It  is  recommended  that  the  specimen  compression  gage  region  be  increased  to 
incorporate  at  least  the  full  weave  pattern  of  the  fabric  used.  For  the  material  tested  in 
this  study,  the  corresponding  gage  length  described  in  the  ASTM  D6641  standard  lest 
method  was  increased  from  12.7  mm  (0.5  in)  to  30.48  mm  (1.2  in).  The  gage  length  used 
in  this  case  represents  more  than  two  weave  patterns.  A  set  of  specimens  were  tested  with 
the  increased  gage  length  and  demonstrated  lower  variability  in  mechanical  properties 
and  a  uniform  strain  distribution  in  the  gage  section.  Similarly,  an  increase  in  the  gage 
section  width  of  the  ASTM  D638  dumbbell  tensile  specimen  is  recommended.  The  DIC 
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system  can  also  be  used  to  detect  and  correct  small  grip  misalignments  and  twisting  in  a 
tensile  specimen. 

The  technology  of  photogrammetry  is  constantly  improving  as  are  computer 
processing  speeds.  Advancement  in  the  resolution  of  digital  cameras  will  continue  to 
enhance  the  accuracy  and  precision  of  3D-DIC  systems  leading  to  further  reductions  in 
material  testing  variabilities  and  its  sources,  and  to  more  mature,  efficient,  and  higher 
performance  designs. 

8.2.  Tension  Tests  for  Characterizing  Polymer  Matrix  Composites 
with  Woven  Fabric  Reinforcement 

Each  test  conducted,  in  accordance  with  ASTM  D3039  and  ASTM  D638,  had 
advantages  and  disadvantages.  The  tabs  in  the  D3039  specimens  were  time  consuming  to 
bond  to  the  specimens  and  were  not  effective  in  forcing  the  failure  in  the  gage  area. 
Conversely,  the  specimen  width  was  adequate  for  the  woven  fabric  used  in  this  study,  and 
produced  enough  torsional  stiffness  to  align  the  specimen  while  loading.  As  for  the  D638 
specimens,  the  dumbbell  shape  forced  the  failure  into  the  gage  area  without  causing  stress 
concentration  in  the  transition  region,  but  the  width  caused  problems  in  specimen 
alignment  and  in  covering  a  larger  number  of  tows  needed  to  properly  average  the  gage 
area  strains. 

In  conclusion,  the  width  of  the  specimen  should  be  in  accordance  with  the  pattern 
of  the  fabric  used  in  the  composite  under  study.  The  fabric  is  represented  properly  when  3 
tow  patterns  are  included  in  the  gage  section;  the  edge  patterns  are  affected  by  the 
boundary  conditions,  thus,  leaving  the  middle  pattern  unaffected  by  outside  conditions. 
The  tow  pattern  of  the  fabric  repeated  every  12.7  mm  (0.5  in)  in  the  warp  direction 
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resulting  in  a  recommended  specimen  width  of  30.48  mm  (1.2  in),  which  was  also  used 
for  the  fill  direction.  To  simplify  the  specimen  preparation  and  remove  the  tabbing 
process,  a  dumbbell  shape  for  the  specimen  configuration  is  recommended.  The  latter 
configuration  was  analyzed  using  a  finite  element  analysis  with  an  optimization  package 
that  modified  the  transition  region,  from  grip  width  to  gage  width,  by  reducing  the  stress 
concentration  typically  found  in  that  region. 

8.3.  Compression  Tests  for  Characterizing  Polymer  Matrix 
Composites  with  Woven  Fabric  Reinforcement 

One  of  the  common  disadvantages  for  both  test  methods,  in  accordance  with 
ASTM  D6641  and  in  accordance  with  SACMA  SRM  !  R,  was  the  strain  field  viewed  by 
the  DIC  cameras.  The  full -fie Id  strain  captured  by  the  DIG  system  was  through  the 
specimen  thickness  and  the  strain  area  was  confined  to  a  width  of  5.08  mm.  Therefore, 
when  exporting  the  strains  from  the  DIC  system,  the  areas  selected  to  compute  the 
material  compression  properties  did  not  have  a  sufficient  representation  of  the  material 
under  study.  In  addition,  the  DIC  system  captured  strain  concentrations  in  the  specimens 
of  both  test  methods.  These  strain  concentrations  can  be  translated  to  stress 
concentrations.  The  strain  concentrations  are  justified  by  the  small  length  of  the  gage 
sections.  The  tow  pattern  of  the  fabric  repeated  every  12.7  mm  (0.5  in)  in  the  warp 
direction  and  every  10. 16  mm  (0.4  in)  in  the  fill  direction.  Therefore,  with  a  gage  length 
of  12.7  mm  (0.5  in),  for  the  D6641  specimen,  the  gage  section  contained  approximately 
two  or  two  and  a  half  tows  and  in  some  cases  the  tow  was  under  the  clamping  edge  of  the 
specimen,  barely  covering  one  weave  pattern.  The  strain  concentrations  in  the  SRM  1 R 
specimens  were  observed  to  be  greater  compared  to  the  ASTM  D6641  specimens.  Since 
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the  gage  length  of  the  SRM  1R  specimen  was  4,75mm  (0. 188  in),  the  gage  length 
contained  approximately  one  tow  or  part  of  a  tow  and  in  some  eases  it  contained  a  gap 
between  two  tows.  Such  small  gage  lengths  did  not  properly  represent  the  composite 
under  study.  Consequently,  the  small  gage  section  could  have  confined  the  specimen 
from  failing  properly,  especially  with  such  a  small  number  of  tows  in  the  gage  section. 
Such  failing  process  over  estimated  the  value  of  the  ultimate  strength. 

Since  the  SRM  1 R  specimen  was  very  time  consuming  to  prepare  prior  to  testing, 
a  modification  to  the  D6641  specimen  was  recommended.  In  addition,  since  the  fixture  of 
the  SACMA  SRM  1 R  test  method  did  not  incorporate  the  possibility  of  increasing  the 
specimen  length,  the  D6641  test  method  was  selected  for  modification.  The  modification 
to  the  ASTM  D6641  specimen  was  increasing  the  gage  section  length  from  12.7  mm  (0.5 
in)  to  30.48  mm  ( 1 .2  in)  and  the  gage  section  width  from  19.05  mm  (0.75  in)  to  25.4  mm 
( I  in),  thus  incorporating  as  much  of  fabric  weave  patterns  as  possible.  The  modifications 
recommended  for  the  compression  test  improved  the  experimental  results.  With  the  help 
ctf  the  DIC  system  these  recommendations  were  suggested  and  proven  to  enhance  the 
testing  method  for  calculating  the  compressive  material  properties  of  polymer  matrix 
composite  (PMC)  with  woven  fabric  reinforcement. 

8.4.  Shear  Tests  for  Characterizing  Polymer  Matrix  Composites  with 
Woven  Fabric  Reinforcement 

The  experimental  results  obtained  were  very  dependent  on  the  type  of  fabric  used. 
The  fabric  used  in  this  study  was  coarse  and  woven  with  relatively  large  tows.  The 
ASTM  test  methods  conducted  did  not  relate  the  specimen  configuration  or  gage  section 
to  the  type  of  fabric  used.  When  ASTM  D4255  test  method  was  conducted  the  results 
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were  comparable  to  test  results  found  in  the  literature  and  the  variability  was  less  than 
10%.  Conversely,  when  ASTM  D5379  test  method  was  conducted  the  results  had 
coefficients  of  variation  of  up  to  30%  with  very  different  results  between  batch  1  and 
batch  2  of  the  specimens.  The  gage  section  in  the  three- rail  shear  test  method  was 
approximately  140  mm  x  25.4  mm  (5.51  in  x  1  in),  which  was  large  enough  to  cover  a 
large  area  of  the  fabric  reinforcing  the  PMC.  The  fabric  used  was  represented  properly 
when  three  tow  patterns  were  included  in  the  gage  section;  the  edge  patterns  arc  affected 
by  the  boundary  conditions,  thus  leaving  the  middle  pattern  unaffected  by  outside 
conditions.  The  tow  pattern  of  the  fabric  used  repeated  every  12.7  mm  (0.5  in)  in  the 
warp  direction  and  every  1 0. 1 6  mm  (0.4  in)  in  the  fill  direction. 

In  conclusion,  the  three-rail  shear  test  (ASTM  D4255)  performed  better  than  the 
v-notch  shear  test  (ASTM  D5279).  The  main  reason  was  the  specimen  configuration  and 
the  specimen  scale  compared  to  the  fabric  used.  In  addition,  failure  was  detected  in  the 
stress  strain  curve  by  a  flat  region  in  the  curve  or  by  a  drop  in  the  load, 

$.5.  Density,  Fiber  Volume  Fraction,  and  Glass  Transition 

Temperature  of  Polymer  Matrix  Composites  with  Woven  Fiber 
Reinforcement 

The  density  and  fiber  volume  fraction  experimental  results  were  dependent  on  the 
panel  thickness  variations.  The  specimen  thickness  variation  was  caused  by  either  the 
mold  used,  the  infusion  process,  or  a  combination  of  both.  The  panel  thickness  variation 
was  related  to  the  degree  of  compaction  of  the  fabric  during  infusion.  Thinner  panels 
were  a  result  of  higher  compaction,  thus  resulting  in  higher  fiber  volume  fraction.  The 
two  batches  showed  a  difference  in  fiber  volume  fraction  and  density,  which  were 
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correlated  together.  Both  batches  were  laid  and  infused  at  the  same  manufacturing 
laboratory  and  with  the  same  procedure,  but  at  different  times  and  using  different  fiber 
and  resin  batches.  The  difference  in  the  fiber  volume  fraction  resulted  in  a  difference  in 
the  material  properties:  tension,  compression,  and  shear  as  shown  in  the  previous 
chapters. 

The  degree  of  cure  of  the  panels  was  not  established.  The  DMTA  method  proved 
to  be  unsuccessful  in  defining  the  degree  of  cure  of  PMC.  The  cause  was  the  use  of  high 
temperature  to  measure  the  degree  of  cure.  The  high  temperatures  caused  the  material  to 
change  its  degree  of  cure  as  the  latter  was  being  measured.  The  DMTA  method  was  a 
successful  quality  control  tool  and  a  comparative  tool  for  defining  different  PMCs.  In 
addition,  the  DMTA  method  measured  the  glass  transition  temperature  of  the  composite; 
thus  defining  the  composites  upper  temperature  limit. 

8.6.  Evaluation  of  the  Experimental  Results  and  Implementation  of 
the  Classical  Lamination  Theory 

It  was  essential  to  normalize  the  composite  material  properties,  obtained  from 
experiments,  for  comparison  of  different  panels.  This  was  achieved  by  using  a  nominal 
thickness  chosen  according  to  the  needs  of  the  comparison.  The  normalization  was 
possible  only  for  fiber  dominated  properties.  Therefore,  the  matrix  dominated  properties 
were  not  normalized  and  were  not  comparable  between  different  panels.  A  statistical 
analysis  was  conducted  on  the  normalized  properties  to  measure  the  degree  of 
significance  of  two  set  of  results  that  should  ideally  give  the  same  values.  The  statistical 
analysis  compared  results  from  different  test  methods  and  different  material  batches. 
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Normalized  properties  were  used  to  obtain  the  corresponding  design  allowables. 
The  “knock-down”  factor  obtained  through  calculating  the  design  allowables  was  based 
on  the  variation  of  the  results  and  their  distribution.  In  other  words,  the  “knock-down” 
factor  revealed  the  repeatability  and  reliability  of  properties  obtained  through  the  testing 
program.  Due  to  the  difficulties  faced  during  the  compression  testing,  the  design 
allowables  were  significantly  smaller  than  the  mean  of  the  experimental  results. 
Normalization  of  the  matrix  dominated  properties  is  necessary  for  future  work,  further 
understanding,  and  improving  with  composite  materials  design. 

The  CLT  based  model  showed  accurate  predictions  of  experimental  results  when 
the  properties  were  normalized.  The  pscudo-quasi  isotropic  lay-up  experimental  results 
were  used  to  calculate  the  degradation  factor  needed  to  predict  the  failure  of  the  material 
in  the  CLT  based  made.  Since  the  matrix  dominated  properties  were  not  normalized,  the 
comparison  of  the  CLT  based  model  and  the  experimental  results  did  not  show  good 
agreement  with  the  in-plane  shear  properties. 

8.7.  Conclusion  and  Recommendations 

The  experimental  techniques  presented  in  this  study  and  adopted  in  the  test 
program,  focused  on  reducing  the  material  property  variabilities  of  marine  grade 
composites  originating  from  the  experimental  methods  by  using  a  3-D  Digital  Image 
Correlation  (DIC)  system  for  measuring  full-field  strains.  The  full-field  strains  captured 
by  the  3-D  DIC  system  helped  enhance  the  experimental  techniques  by  eliminating  the 
sources  of  variability  caused  by  conventional  strain  measuring  tools. 

One  source  of  variability  captured  by  the  DIC  system  was  the  presence  of  high 
and  low  strain  variation  as  a  result  of  the  reinforcing  fabric  weave  pattern  of  the  PMC. 
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Therefore,  the  fabric  type  was  the  controlling  aspect  in  the  recommended  modifications 
for  the  mechanical  material  testing.  The  modifications  were  according  to  the  fabric’s 
coarseness  and  weave  pattern.  The  gage  section  of  the  modified  coupon  specimens  were 
recommended  to  include  three  weaves  of  the  fabric  to  properly  represent  the  material 
under  study.  Three  weaves  were  chosen  because  the  edge  weaves  would  be  affected  by 
the  boundary  conditions,  whether  fixture  clamping  or  edge  effects,  which  leaves  the 
middle  weave  unaffected  by  boundary  conditions. 

Another  source  of  error  was  the  thickness  variation  in  the  panel.  Therefore,  the 
experimental  results  were  normalized  to  a  nominal  thickness  which  enabled  comparison 
of  the  test  results  from  different  panel  batches.  The  normalization  was  only  performed  on 
fiber  dominated  properties.  Design  allowables  were  calculated  from  the  normalized  data 
and  the  latter  showed  test  result  repeatability  and  distribution.  The  experimental  results 
were  compared  to  a  micro  mechanics  based  approach  for  laminated  composite:  Classical 
Lamination  Theory  (CLT).  The  CLT  based  model  predictions  agreed  with  the  fiber 
dominated  properties  of  the  test  results. 

Future  research  works  that  can  be  conducted  related  to  the  findings  of  the  study 
addressed  in  this  Thesis  are  as  follows: 

❖  Conduct  experimental  tests  employing  recommended  modifications  of  testing 
methods  to  verify  the  modifications  validity. 

❖  Conduct  a  similar  lest  program  on  panels  manufactured  by  different  suppliers  to 
identify  the  material  variability  in  relation  to  the  panel  manufacturing  process. 
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❖  Apply  a  cyclic  loading  on  the  composite  material  studied  in  this  program  to  identify  a 
physical  meaning  to  the  transition  point  calculated  in  the  bi-lincar  approach  adopted 
for  modeling  the  stress-strain  curve. 

❖  Devise  a  method  to  normalize  the  matrix  dominated  properties. 

❖  Conduct  experimental  tests  on  panels  with  different  fiber  lay-up  to  compare  and 
verify  the  validity  of  the  CLT  based  model. 
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APPENDIX  A.  NOMENCLATURE  FOR  SPECIMEN  LABELING 


The  specimen  label  included  5  terms  that  define  the  specimen: 

1 .  The  supplier/fabrication  reference 

2.  The  panel  number 

3.  The  test  type 

4.  The  orientation  of  the  specimen 

5.  The  specimen  number 

The  supplier/ fabrication  reference  is  one  character  (i.e.  “A”). 

“A”  Seemann  Composites  Inc 

The  5.08  mm  (0.2  in)  thick  panels  were  labeled  from  I  through  6: 

“1”  panel  from  batch  one  with  [0]4Sf  fiber  lay-up 

“2”  panel  from  batch  one  with  [0/90]2Sf  fiber  lay-up 

"3”  panel  from  batch  one  with  [0/±45/0]sr  fiber  lay-up 

“4”  panel  from  batch  two  with  [0]4Sf  fiber  lay-up 

“5”  panel  from  batch  two  with  [0/90]2Sf  fiber  lay-up 

“6”  panel  from  batch  two  with  [0/±45/0]sf  fiber  lay-up 

The  tests  were  referenced  as  follows: 

“Tl”  tensile  test  in  accordance  with  ASTM  D3039  (rectangular) 

“T2”  tensile  test  in  accordance  with  ASTM  D638  (dumbbell) 

“Cl”  compressive  test  in  accordance  with  ASTM  D6641 

“C2”  compressive  test  in  accordance  with  SACMA  SRM  R1  (ASTM  D695) 

“SI"  shear  test  in  accordance  with  ASTM  D4255  (three- rail) 

“SI”  shear  test  in  accordance  with  ASTM  D5379  (v-notch) 

Two  specimen  orientations  were  tested: 

“x”  load  applied  on  the  specimen  was  parallel  to  the  principal  laminate  axis 

“y”  load  applied  on  the  specimen  was  orthogonal  to  the  principal  laminate  axis 

The  specimens  numbers  were  relative  to  the  set  the  specimens  were  cut  from. 

Examples  of  some  specimen  labels  arc:  A 1  -T 1  x- 1 

A5-S2y-7 

A2-C2x-4 
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APPENDIX  B.  DATA  ANALYSIS  (MATLAB  CODE) 

Appendix  B.i,  Tension  Code 
Appendix  B.2.  Compression  Code 
Appendix  B.3.  Shear  Code 
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B.l  Tension  Code 


Main  program  code  for  analyzing  the  tensile  raw  data: 

function  Tensile 
clear 

% — - - - - — -User  Input - - - - 

Label  =  *A  l-Tlx-';  %Label  of  each  specimen 

Filename  =  'Data1; 

Summary  Title  =  [Tensile  D3039  (Panel  One  x- direct  ion)']; 

Area  =»  [125.319 
122.943 
122.768 
123.26 
124.187 
124.537 
123.435 

1 24.259];  %Areas  of  the  specimens  (in  mm) 

CalF  =  10.078;  %Calibration  Factor  (in  kN/V) 

N=8;  %specifies  the  number  of  specimens 

PI1=5;  %ehoosing  the  percent  of  ultimate  strain  to  define  the  lower  bound  of  the  initial  linear  range 
PI2=20;  %choosing  the  percent  of  ultimate  strain  to  define  the  upper  bound  of  the  initial  linear  range 

PF1=60;  %choosing  the  percent  of  ultimate  strain  to  define  the  lower  bound  of  the  final  linear  range 
PF2=90;  %choosing  the  percent  of  ultimate  strain  to  define  the  upper  bound  of  the  final  linear  range 


% - - - — - - - - - - 

NN-N; 
for  i  =  l:N 

% — — - - Loading  Raw  Data  Through  a  Loop 

specimen  =  int2str(i); 

File  =  [Filename,specimen]; 

fid  =  fopen(File); 

if  fid—- 1; 


fclose(fid); 

[Ex_R,Ey_R,V_R]  = 

textread(File/%f%F/of%*^  /delimiter' ///header  lines'  A'expchars'/eEdD'/emptyvalue’.O); 


Ex{i}  =  Ex  R/ 1 00; 
Eyfif  =  Ey_R/l00; 
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Str{iJ=V_R-tCaIF/Area(i); 

%- - -Calculating  the  Ultimate  Strength  and  Strain— 

M_Stre$$  -  max(Str{i}>; 
for  j”l  :$ize(Str{i},l) 
if  Str{i}(j)=  MStress 
M  Strain  =  Ex{i}(j); 
break 
end 
end 


% - -Calculating  the  lower  and  upper  bound  for  initial  and  final  - 

11  =  PIl*M_Stnun/lOG; 

12  =  PI2*M_Strain/100; 

FI  =  PFI*M_Strain/1G0; 

F2  =  PF2*M_Strain/IG0; 

%-- - - Collecting  the  Data  into  Separate  Matrices— — - - 


h=l; 

hj=l; 

t-l; 

r=l; 

1=1; 

L-i; 

I _ =1; 

while  Ex{i}(h)<12 
Ex_I{i}(h)-  Ex{i}(h); 
Ey_I{i)(h)=  Ey{i}(h); 
StrJ{i}(h)  =  Str{i}(h); 
h  ~  h+ 1 ; 
end 

for  j= 1  :size(  Ex  I  { i }  ,2 ) 
if  Ex__I{i}(j)>n 
Ixstrain  { i }  (k)  =  Ex_Iji}(j); 
Iystrain  { i }  (k)  —  Ey_I  { i }  (j); 
Istress|i}(k)  =  Str_l{i}(j); 
k=k+ 1 ; 
end 
end 

while  Ex{i}(r)<F2 
Ex_F  { i }  (r)  =  Ex  { i }  (r); 
ByJMiKr)  =  Ey{i}(r); 
Str_F{i}(r)  =  Str{i}(r); 
r-r+1; 
end 

for  j= 1  :size(  Ex_F  |  i }  ,2) 
if  Ex_F{i}(j)>Fl 
Fxstrain{i}(l)  -  Ex_F{i}(j); 
Fystrain{i}(l)  =  Ey_F{i}(j); 
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Fstress{i}(0  =  Str_F  {i  J(j); 

W+l; 

end 

end 


% - Generating  a  Linear  Regression  for  the  Initial  Fit  — 

El=i>otyflt{  Ixstrai  n  { i } , (stress  { i } ,  1 }; 

% — — —  Generating  a  Linear  Regression  for  the  Final  Fit  - — 
EF=poly  fit(Fxstrain  { i }  .Fstress  {i } ,  I ); 

%- - Forcing  the  curve  and  fit  to  pass  through  the  Origin  — 

Ex_F_t  { i }  =Ex_F  { i } + Ei(2)/ EI(  1 ); 

Ei_t(1)=EI(l); 

EI_t(2>=0; 

EF_t(  1  V=EF(  I ); 

EF_t(2)=EF(2)-El(2)/EI(  I  )*EF(  l ); 

% - - — ~ — Defining  the  Transition  Point - - 

TP  jc=EF  J(2)/(EI  J(  I  )-EF_t(  I )); 


TP_y=EI_t(  I )  *TP_x; 

% - Recalculating  the  Ultimate  Strain — — - - - 

M  St  rain  =  (M_Stress-EF_t(2))/EF  J(  1 ); 

% - - — Calculating  the  Poisson's  Ratio — - . 


PR_L  l=poly  fit(Istress  { i }  Jxstrain  { i }  J ); 

PR  _T_I=poty  fit(Istress  { i }  ,Iystrain  { i }  J ); 

PR  L_F=polyfit(Fstress  { i }  ,Fxstrain  { i } ,  l ); 

P  R_P_  F  =polyfit(Fstress  { i }  Tyslrain  { i } ,  I ); 

PR_I=-PR_T_((  I  )/PR_L_I(  1 ); 

PR  _F=-PR  T  F(  1  )/PR  L  F(  I ); 

%- - - — Collecting  the  Results  for  Statistical  Analysis- - — 

A(iJ}=Area(i); 

A(i,2)=EI_t(  1 ); 

A(it3)=EFj(l); 

A(i,4)=TP_x*  1 00; 

A(i,5)=TP_y*  1 000; 

A(i,6)=M_$train*  1 00; 

A(i,7)=M_S  tress*  1 000; 

A(i,8)=PRJ; 

A(i,9)=PR_F; 

% — — — - ~ —  Used  for  Plotting  Only - — - 

while  Ex  ji}(h_)<Fl 

Plotx  I{i}(h_)  =  Ex{i}(h_); 
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h_  =  h_+1 ; 
end 

while  Str  { t }  (I _ )  <=  MStress 

PIotx_F{i}(l_J  -  (Str{i}(l>EFj(2))/EFj(I); 
if  Str{i}(l_)  =  M  Stress 
break 
end 

L-L+i; 

end 

for  j=l  :size(PIotx_F{i  },2) 
if  Piotx_F{i}(j)>I2 

Plotx_F_{i}(l _ )  -  Plotx  F{i}(j); 

end 

end 

% - - - Generating  a  Linear  Data  Set  for  Plotting . 

fE  1  _  t=po  ly va  1  ( El  l,  P I  otx  I  { i } ); 
fEF  t^poly val(  EF_t,  Plotx_F_  { i } ); 

%— - - Creating  Plots  for  Each  Specimen — . 

figures(i,Label,Ex  F _t{i},Str _F{i}1Plotx_I{i}5fEI_t,Plotx_F_{i},fEF_tTTP_x,TP_y,M  StraimMStress^El 
tdXEFjdXPRJ);  " 


%- - —Screening  Out  the  Missing  Specimens 


else 


NN=NN- 1 ; 


end 

end 

% - - * - — - Stat i  st  i  cal  Anal ys  i  s - - - 

Means  -  sum(A)/NN; 

Stdev  -  sqrt{(NN*sum{A.A2)-sum(  A).A2)/(NN*(NN-l))); 

COV  =  Stdev  ./Means*  1 00; 

% . Creating  a  Summary  Table  in  Excel  Worksheet - — — 

Tab  le(  A,  Labe  [.Summary  Title, Means, Stdev,COV,N); 
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Subroutine  for  creating  plots  for  each  specimen: 


function 

figures(i»Labe[,Ex_F_t,Str_FlPlotx_I*fEI_t1Plotx_F ,fEF _t,TP  _x,TPjtM_StiainfM_Sties8jElta_t,EF_t,PR_[ 
) 

figure 

p]ot(ExJM,Str_F*IOOO) 
hold  on 

plot(Plotx_l,fEI_t*  1 000 .Plot  x_F_tfEF_t*  1000;LineWidth\  I ) 

axi$([0  0.025  0  550]) 
number  =  num2str(i); 
filename  =  [Label, number]; 
title(filename,'fontsize\  12) 
xlabelfStrain  (mm/mm)') 
ylabel('Stress  (MPa)’) 

sir  1  =  (Transition  Point 

str2  -  { [’(Vnunil str( T  P  _x  *  100,'% 1 ,2f%%')/  ,  \mim2str(TP_>*  1 000/%3.2f  V)  Vtghtarrow  '] } ; 
str3(  1 )  =  { *\uparrow* } ; 
str3(2)-  {’Ultimate  Point'}; 

str3(3)  =  {[l(,,num2str{M_Strain*  100/%l,2f%%V ,  \num2str(M_Stress*  1 000,^3 .2f)t')']} ; 
str4(l)  =  {[r\fontname{times}\bfEl  =  \num2str(EM,,%2.2fy  GFa1]}; 
str4(2)  =  {[^fontname}  times  }\bfE2  =  ,inum2str(EFjtP*%2,2fV  GPa’]{; 
str4(3)  =  {[^bntname{times}\bf\nul2  =  ,lnum2str(PR_l,l%L3f)]}; 

text(TP_x,TP_y*1000,str2/Horizontal  Alignment' /rightVfontsize',8) 
text(TP_x,(TP^+O.01 5)*  1 000, str  1 Horizon  talA  I  ignmentV  ri  ght7fontsize\8) 
fcxt(M_Strain,M  Stress*  1000,str3,,HGrizontalAlignment71efVVvertiealalignment7tQp7fbntsize\8) 
text(0.0 1  8,50,str4/HorizontalAlignment71eft7ft)ntsLzet'  1 0) 

sa  ve  as(  ge  f,  fi  lename/t  i  f ) 

hold  off 
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Subroutine  for  creating  summary  table  in  Excel  worksheet  for  a  set  of  specimens: 

funct  ion  T  ab  le(  A ,  Label,  S  umma  ry  T  i  t  le,  M  ean$,Stde  v,CO  V ,  N } 

Filename  =  ['Summary  Label, ’.xls1]; 
fid  =  fopen(Filename,V); 

str-  [SummaryTitle,V$pecimen\tArea  (mmA2)\tInital  (GPa)\tFinal(GPa)\tTP  Strain%%\tTP  Stress 

(MPa)\tU  Strain%%\tU  Stress  (MPa)VtPR  InitiatMPR  FinalW]; 

fprintf(fid,str); 

for  i  =  I  ;N; 

a  -  A(it:); 

number  =  nuni2slr(i); 
filename  =  [Labe  l,  number]; 
fprintflt  fid, filename); 

fprintf(fid,V/03  Jftt%2.2f\t%2.2ftt%l  .3f\t%3.1  f\t%l  .3f\t%3 .  lflt%l  .3ftt%l  3ft n\a); 
end 

fprinlft  fi  d ,  '\nMe  an1 ) ; 

fprin  t  fl[  fid ,  M%3  *  3  f\t%2 . 2  f\t%2 . 2  f\t%  1  3fM%3  A  ftt%1.3f\t%3. 1  f\i%  1 .3ftt%l  JW,  Means); 
fprintf(fid,'St  Dev1); 

fprintft  fid  ,t\t%3  Jftt%2 . 2f\t%2 . 2  f\t%  1 .3ftt%3. 1  fst%  1 Jftt%3, 1  f\t%  1 .3f\t%]  Jftn'.Stdev); 
fprintfl(  fld/CO  V%%'}; 

fprintfl[  fid  /\t%3 , 3  f\t%2 . 2  f\t%2 .  2f\t%  1 .3f\t%3 .1  ftt%1.3ftt%3  -1  ftt%1.3f\t%l  JJWXOV); 
telose(fid); 
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B.2  Compression  Code 

Main  program  code  for  analyzing  the  compression  raw  data: 

function  Compression 
clear 

% - - - - - User  Input - — — - - - 

Label  =  'A !  ~C  I  x-';  %Label  of  each  specimen 

Filename  =  'Data'; 

SummaryTitle  =  ['Compression  D664I  (Panel  One  x -direction)1]; 


Area  =  [123.709 


124.330 

121.645 

121,550 

124.022 

126.203 

123.919 

124.505 

121,834]; 

%Areas  of  the  specimens  (in  mm) 

CalF  =  9.99; 

%Caliberation  Factor  (in  kN/V) 

N=9;  %specifies  the  number  of  specimens 

PI  1=5;  %choosing  the  percent  of  ultimate  strain  to  define  the  lower  bound  of  the  initial  linear  range 
PI2=20;  Vochoosing  the  percent  of  ultimate  strain  to  define  the  upper  bound  of  the  initial  linear  range 

PFI=60;  %choosing  the  percent  of  ultimate  strain  to  define  the  lower  bound  of  the  final  l  inear  range 
PF2=9Q;  %choosing  the  percent  of  ultimate  strain  to  define  the  upper  bound  of  the  final  linear  range 

%___ - * - — - - - * - * - - 


NN=N; 
tor  i  =  I  :N 

% - - - Loading  Raw  Data  I'hrough  a  Loop  — - — — — 

specimen  =  int2str(i); 

File  =  [Filename,  specimen]; 

fid  =  fopen(File); 

if  fid— -i; 

fclose(fid); 

[Ey_R,Ex_R,V_R]  = 

textreadtFile^P/oP/aP/^f/delimiter'/^'h^aderlines'^/expchars'/eEdD'/emptyvalue'.O); 
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Ex{i}  =  Ex_R/100; 

Ey{i}  =  Ey_R/100; 

Str{i}=V_R*CalF/Area(i); 

% - Calculating  the  Ultimate  Strength  and  Strain - 

MStress  =  min(Str{i}); 
forj=l:size(Str{i},l) 
if  Str{iHj)==  M_Stress 
M_Strain  =  Ex{i}(j); 
break 
end 
end 

% - Calculating  the  lower  and  upper  bound  for  initial  and  final  - 

11  =  PII*M_Strain/100; 

12  =  PI2*M_Strain/100; 

FI  =  PFI*M_Strain/100; 

F2  =  PF2*M_Strain/100; 

% - Collecting  the  Data  into  Separate  Matrices . 

h=l; 

h_=l; 

k=l: 

t=i; 

1=1; 

!_=1; 

L_— l; 

while  Ex{i}(h)>12 
Ex_I  { i }  (h)  =  Ex{i}(h); 

Ey_l{i}(h)  =  Ey{i}(h); 

Str_I{i}(h)  =  Str{i}(h); 
h  =  h+1; 
end 

forj=l:si2c(ExJ{i},2) 
ifExJ{i}0)<U 
Ixstrain{i}{k)  =  Ex_I{i}(j); 

Iystrain{ij(k)  =  Ey_l{i}(j); 

Istress  1  i  }(k)  =  Str  J  (i|(j); 
k=k+f; 
end 
end 

while  Ex{i}(r)>F2 
Ex_F{i}(r)  =  Ex{i}(r); 

Ey_F{i}(r)  =  Ey{i}(r); 

Str_F{i}{r)  =  Str{il(r); 
r  =  r+l; 
end 

for  j=l  :size{Ex_F  { i }  ,2) 
if  Ex_F{t}(j)<Ft 
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Fxstrain  { i }  (I)  =  Ex  F  { i }  (j); 
Fystraln  {i}<l)  -  Ey_F{i}(j); 
Fstress{i}(0  =  Str_F{i}(j); 
[=1+1 ; 
end 


% - Generating  a  Linear  Regression  for  the  Initial  Fit  — - — 

EI^olyfit(Ixstram{i}Jstress{i},l); 

—  Generating  a  Linear  Regression  for  the  Final  Fit  - — — — 
EF=poly  fit(  Fxstrain  { i } ,  Fstress  { i  K 1 ); 

% - Forcing  the  curve  and  fit  to  pass  through  the  Origin - » 

Ex_F_t{i  J=Ex_F{i  } +EI(2)/E  1(1); 

El  t{  I  )=EJ(  I ); 

EI_t(2H); 

EF_t(l)=EF(l); 

EF_t(2)=EF(2)-E[(2)/EI{l)*EF(l); 

%-- - Defining  the  Transition  Point-- - - 

TP_x=EFj(2)/(El_t(  1  )-EF J(  1 )); 

TP_y=*EI_t(I)  *  TP_x; 

% — - Recalculating  the  Ultimate  Strain - - 

MStrain  =  (M_Stress-EF_t(2))/EF_t(l); 

% — - —Calculating  the  Poisson's  Ratio- - — — — 

PR_L  J=poly  fit(Istress  { i }  fxstrain  { i } ,  1 ); 

PR_T_I=polyfit(  Istress  { i } ,  lystrain  {i } ,  1 ); 

PR_L_F=polyfit(Fstress  { i }  .Fxstrain  {i} ,  1 ); 

PR_T_F=polyfit(  Fstress  {i}  ,Fystrain{i} , ! ); 

PR_[~-PR_T_J(  I  yPR_L_l(  I }; 

PR  F=  PR  _T_F(  1  )/PR_L_F(  1 ); 

% - —Collecting  the  Results  for  Statistical  Analysis- — - 

A(t,l)=Area(i); 

A(i*2)=EI_t(  1 ); 

A(i,3)=EF_t(i); 

A(is4)=TP_x*lOO; 

A(i,5)=TP_y*  1000; 

A(it6)=M_Strain*  1 00; 

A(i,7)=M_Strcss*  1000; 

A(i,8)=PRJ; 

A(i,9)=PR  F; 

%* - — - — —  Used  for  Plotting  Only - — - 
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while  Ex{i}(hJ>Fl 
PIotx_I{i}(hJ  =  Ex{i}(hJ; 
h_*h_+i; 

end 

while  Str{i}(I_) >=  MStress 
Plotx_F{i}(t  J  -  (Str{i}(l  J-EFJ(2))/EFJ(  I ); 
if  Str{if(I_J  =  M_Stress 
break 
end 

L^L+i; 

end 

for j=l  ;size(Plotx_F{i},2) 
if  Plotx_F{i}(j)<I2 

Plotx_F_{i}(I _ )  -  Plotx_F{i}(j); 

I _ — I _ _+ 1 ; 

end 

end 

% - - Generating  a  Linear  Data  Set  for  Plotting — - - - 

fE  [t=polyval(E  otx_r  { i }  ) ; 

fEF  t^polyval(EFj>Plotx_F_{i}); 

% - - — Creating  Plots  for  Each  Specimen- - 

figures(i,LabdtEx_F_t{i}fStr_F{i},Plotx_l LPfotx  F_{i } ,fEF_t*TP  x,TP_yfM  Strain>M  StresslEl 
t(l),EFjOXPR_I); 

%- . - . -Screening  Out  the  Missing  Specimens - 

else 

NN-NN-1; 

end 

end 

% - -  — - - — - Sta t i stica I  A n al ysis— — — - — - 

Means  =  sum(A)/NN; 

Stdev  =  sq  rt  ( (NN  *  sum  ( A . A  2  )-su  m(  A ) .  A2 )/ (NN  *  ( N  N  - 1 ))); 

COV  =  Stdev  ./Means*  100; 

% . --Creating  a  Summary  Table  in  Excel  Worksheet — 

TabletA.LabekSummaryTitle.Means^Stdev^COV^N); 
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Subroutine  for  creating  plots  for  each  specimen: 


function 

figures(i,LabelfEx_F_t,Str  F,Plotx_I,fEl _t*PIotx _F_,fEF_t*TP_x,TP_y*M_Straiii,M  Stress,  EI_t,  EF  t,  PR  1 

) 


figure 

plo  t(  Ex_F_t,  S  tr_F  *  1 000 ) 
hold  on 

plot(Plotx_I,fEI  J*  1 0G0/k',Plotx_F_,fEF  J*  1 000 X' Line  Width',  1 ) 

axis([-O.OI6  0  -450  0]) 
number  =  num2str(i); 
filename  =  [Label, number]; 
title(  filename/fbntsize',  1 2) 
xlabelfStrain  (mm/mm)*) 
ylabel(fStress  (MPa)1) 

strl  =  {'Transition  Point  '}; 

str2  =  {[,(,tnum2str(TP_x*  100,'%L2PA%*),' ,  'mumSstitTP^y^lOOO/yoS-Zf)/)  \rightarrow  '] }; 
str3(l)  =  {Meftarrow  Ultimate  Point'}; 

str3(2)  =  { ['{\num2str(M ^Strain*  100;%l. 2 P4%T},' ,  \num2str(M_Stress* 1 0QQ;%32T )/)']}; 
str4(l)  =  {[UontnarneUimes^bfEI  =  ,,num2str{EI_t,'%2.2f),'  GPa']}; 
str4(2)  =  {[MbntnameJ  times  }\bfE2  = 1  ,num2  str(  EFt/%2 . 2f )/  GPa']}; 
str4(3)  =  { [  r\fontname  { times }  \bf\nu  1 2  =  ',num2str(PR_I,t%1.3P)j}; 

tcxt(TP_x,(TP_y+0.0 15)*  1 000, str  1  /Horizontal  A  lignment\Vight7fontsize', 8) 
text(TP„x,TP_y*  1 000,str2;  Horizontal  A I  ignment'/rightVfontsize'^) 
text{M  Strain, M_$tress*  1 000,str3( I  J/HorizontalAlignmentMelVVfontsize', 8) 
text(M_Strain,(M_Stress-0,0 1 5)*  1 000, str3(2), 'Horizontal  AlignmentVleft’Vfontsize', 8) 
text{  -0,0!  4,-50,  str4/ Horizontal  A  ]ignment7leftVfontsize\lQ) 

saveas(gcf,filename/tif) 

hold  off 
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Subroutine  for  creating  summary  table  in  Excel  worksheet  for  a  set  of  specimens: 

function  Table(AXabd,SummaryTit1etMeans,$tdev£X)V,N) 

Filename  =  [TSumrnary_'tLabel,\xlsT]; 
fid  =  fopen(Filename,V); 

str-  [SummaryTitle^nSpecimenMArea  (mmA2)\tInital  {GPa)\tFinal(GPa)\tTP  Strain%%\tTP  Stress 

(MPa)\tU  Strain%%\tU  Stress  (MPa)\tPR  Initial\tPR  Final\nf]; 

fprimfi[fid,str); 

for  i  -  ]  :N; 

a  =  A(it:); 

number  =  num2str(i); 
filename  =  [Label, number]; 
fprintfl[fid, filename); 

fprintf(fid>M%3,3f\t%2+2ft%2+2At%  1 .3  f\t%3 . 1  f\t%  1 .3  f\t%3  - 1  f\t%  l  .3f\t%  1 .3  fW,a ); 
end 

fpH  ntfl[  fid ,  Mea  n'); 

fprintf{  fid M%  3 , 3  f\t%2 , 2  f\t%2 . 2  f\t%  1 .3f\t%3. 1  f\t%  1 .3f\t%3. 1  f\(%  1 3fw\Means); 
fprintf(fid,'St  Dev'); 

fprintftfid,Wo3  3f\i%2*2ftt%2.2f\t%l  Jf\t%3. 1  f\t%l  .3f\t%3. 1  f\t%l  .3f\n',Stdev); 

fprimUfid/covyoyo1); 

fpri  n  t  f(  fid ,  '\t%3 . 3  f\t%2 . 2  ft  t%2 . 2  f\t%  1 .3f\t%3. 1  f\t%  1 .3f\t%3. 1  f\t%  1 .3f\t%l  JfmXOV); 
fclose(fid); 
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B.3  Shear  Code 


Main  program  code  for  analyzing  the  shear  raw  data: 

function  Shear  l 
clear 

% - - - — - - User  Input- — - — - — — - 

Label  =  'A  I  -S I  x-';  %Label  of  each  specimen 

Filename  —  'Data1; 

SummaryTitle  =  ['Shear  D4255  (Panel  One  x -direction)'); 


Area  -  [749,901 


743.973 

728.384 

735.543 

728.338 

724.568 

746.374 

731.699]; 

%  Areas  of  the  specimens  (in  mm) 

CalF  =  9.99; 

%Calibration  Factor  (in  kN/V) 

N=8 ;  %  spec  i  ties  the  nu  niber  of  s  pec  i  me  n  s 

1 11=0;  %choosing  the  lower  bound  shear  angle  for  the  hyperbolic  fit 
!  12=0.013;  %choosing  the  upper  hound  shear  angle  for  the  hyperbolic  fit 

% - - — - - — - - — - - - 


NN=N; 

fori=l:N 

%- - Loading  Raw  Data  Through  a  Loop - - — — — 

specimen  =  int2str(i); 

File  =  [Filename^specimen/.txt1]; 

fid  -  fopen(  File); 

if  fid— -I; 

fclose(ftd); 

[SA_1  ,SA_2,  V_R]  = 

textread(  File/%f%f%f%*f /delimiter*, 'Reader!  ines\4/expcharsVeEdDVenipty  value' s0); 

SA  =  (abs(S  A_  1  >+abs(SA_2))/2; 

Str=abs(  V_R)*  1 000*CalF/  Area(i)/2; 

% — - - - -Collecting  the  Data  into  Seperate  Matrices— . — - 
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h=l; 

h_=I; 

k-1; 

i*i; 

i=i; 

i_=i; 

i_-i; 

while  SA(r)<H2 
SA_H(r)  =  SA(r); 

Str_H(r)  =  Str(r); 
r  =  rH; 
end 

for  j=l  :size(SA_H,2) 
if  SA_H(j)>H  I 
HSh_A(l)  =  SA_H(j); 

Hstress(l)  -  Str_l  l(j); 

1=1+1; 

end 

end 

% - - - Generating  a  Tangent  Hyperbolic  Fit - 

xjuks  =  [20,500]; 

fun  -  inline  (tx(2)+tanh(nSh_A*x(l)/x(2))VxVHSh_A'); 
x_f1t  =  1sqcurvefit(fun,  x  guess,  HSh_At  H stress); 

% — — - -Collecting  the  Results  for  Statistical  Analysis 

A(i,  1  )=Area(i); 

A(i,2)=x_fit(  l  V 1000; 

A(i,3)”abs(x_fit(2)); 

%- — - Generating  a  Data  Set  for  Plotting- — - 

forj=l  :size(HSh  As2) 

-  x_fit{2)*tanh(HSh_A(j)*x_fit(  1  )/x_fit(2)); 

end 


- - - Creating  Plots  for  Each  Specimen - - 

figures{i,Label,SA1Str1HSh_A,l- l_fit,x_fit{  1  ),abs(x_fit(2))); 
%- - - - - ——Emptying  the  Matrices - - - 


SA  (;,;)=[]; 

Str(:,:HJ; 

SA_H(:,  :)=[]; 
Str_H(;, :)=[]; 

1 1 Sh_A( :,:>=[]; 
Hstress(  :,:)=[]; 
:>=[]; 
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% - Screening  Out  the  Missing  Specimens - 

else 

NN~NN-1; 

end 

end 

% - - - Statistical  Analysis - — - 

Means  =  sum(A)/NN; 

Stdev  =  sqrt((NN  *sum(  A,  A2  )-sum(  A) .  A2  )/(NN  *  (NN- 1 ))); 

COV  =  Stdev./Means*  100; 

% - Creating  a  Summary  Table  in  Excel  Worksheet - 

TabletAXabehSummaryTitle.Means.Stdev.COV.N); 
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Subroutine  for  creating  plots  for  each  specimen: 

Junction  figures(i, Label,S ATStr,HSh_A,H_fit>x_fitl  ,x_fit2) 
figure 

plot($A,Str) 
hold  on 

plot(HSh_A,H_fit;-l/LineWidthM ) 
legend{'Data  Curve' ,1 1-Fit%2); 

axis([0  0.03  0  50 j) 
number  =  num2str{i); 
filename  =  [Label, number]; 
title(  fi  lename,'fontsize\  1 2) 
xlabelf'Shear  Angle  (rad)') 
ylabel('Stress  (MPa)') 


strl(l)  =  { [Montname  { times }  \bfH  G_l_2  -  \num2str(xjm/1000/%2.2f)/  GPa,J}; 
str  I  (2)  =  ^fontname  {times  }\bfF_6  =  rtnum2str(x  fit2t1%2.2f),,  MPa']}  ; 

text(0.02 ,5  ,str  I, 'Horizontal  Alignment’.lefiV’fomsize1, 10) 

saveas{gcf,  filename, ‘Of ) 

hold  off 
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Subroutine  for  creating  summary  table  in  Excel  worksheet  for  a  set  of  specimens: 

function  Table(  A,  Labd^ummaryTitle^Means^Stdev.COV.N ) 

Filename  -  ['Summary _\Labe1/.xls']; 
fid  =  fopen(  Filename, 'w'); 

str  =  [SummaiyTitleAnSpecimenVtArea  (mmA2)\tGt2  I  I  fit  (GPa)\tF6  (MPa)\n']; 
fprimf(fid,str); 

fori  =  l;N; 

a  - 

number  =  num2str(i); 
filename  =  [Label, number]; 
fprintff  fid,fi  lename); 
fprintf(fid,'\t%3 .3  f\t%  1 3f\t%2>2f<a); 

end 

fprintf(fid/\nMean'); 

fprintf(fid^t%3Jf\t%13At%2+2f^\Means); 
fprintftfid/St  Dev'); 

fprintf[fid,M%3.3f\t%13f\t%2+2f\n\Stdev); 
fprintff  fid/CO  V%%'); 
fprimf(fid,f\t%33f\t% !  3ftt%2.2f\n\COV); 

fclose(fid); 
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APPENDIX  C.  SUMMARY  TABLES 
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Table  C.  1 :  Tensile  D3039  Panel  One  through  Panel  Six  (x  and  y  directions) 


Tensile  D3G39  (Panel  One  y-direction) 

is 

c 

Z 

X 

x 

|  8£00 

0.04 

o 

0.038  | 

0.032  | 

0.029  | 

0.036  | 

0.037  | 

0.036  | 

0.004  | 

10.809  | 

Area  (mmA2)  Inital  (GPa)  Final(GPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain0/©  U  Stress  (MPa)  PR  Initial 

0.127 

0.125 

o 

o 

o 

0.129 

91 10 

0.115 

0.125 

0.12 

0.009 

7.078 

359.1 

336.2 

o 

337.8 

351.3 

354.1 

344.1 

354 

348.1 

8.8 

2.5 

2.065 

1.962 

o 

1.898 

2.035 
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1.954 
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1.987 

0.055 

2.79 

137.3 
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o 

149.4 

136.9 

147.1 

136.7 

142.2 

5.3 

3.7 

0.607 

0.652 

o 

0.652 

0.611 

0.64 

0.645 

0.596 

0.629 

0.023 

3.715 

15.22 

14.78 

o 

15.12 

15.05 

15.28 

15.05 

15.63 

15.16 

0.26 

1.73 

22.61 

21.87 

o 

22.92 

22.41 

LIZ 
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Tensile  D3039  (Panel  One  x-direction) 

"5 
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u- 
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x 
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0.047  | 

0.048  | 

0.064  | 

0.048  | 

0.008  | 

17.261  | 
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Table  C.l  continued 


Tensile  D3039  (Panel  Two  y-direction) 

Area  (mmA2)  Inital  (GPa)  Fmat(GPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain%  U  Stress  (MPa)  PR  Initial  PR  Final| 
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© 
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Tensile  D3039  (Panel  Two  x-direction) 
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Table  C.l  continued 


Tensile  D3039  (Panel  Three  y-direction) 
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Table  C.l  continued 


Tensile  D3039  (Panel  Four  x-direction) 
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Table  C.  1  continued 


Tensile  D3039  (Panel  Five  y-direction) 

Area  (mmA2)  InUai  (GPa)  Final(CPa)  TP  Strain%  TP  Stress  (MPa)  IJ  Strain%  U  Stress  (MPa)  PR  Initial  PR  Final! 
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Table  C.l  continued 


Tensile  D3039  (Panel  Six  x-direction) 
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Table  C.2:  Tensile  D638  Panel  One  through  Panel  Six  (x  and  y  directions) 
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Table  C.2  continued 


Tensile  D638  (Panel  Two  x-direction) 
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Tensile  D638  (Panel  Two  y-direction) 
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Table  C.2  continued 


Tensile  D638  (Panel  Three  x-direction) 
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Table  C.2  continued 


Tensile  D638  (Panel  Four  x-direction) 
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Table  C.2  continued 


Tensile  D638  (Panel  Five  y-direction) 
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Table  C.2  continued 


Tensile  D638  (Panel  Six  x-direction) 
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Tensile  D638  (Panel  Six  y-direction) 
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Tabic  C.3:  Optimized  Tension  D3039  Panel  Four  (x  and  y  directions) 
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Table  C.4:  Compression  D6641  Panel  One  through  Panel  Six  (x  and  y  directions) 
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Table  C.4  continued 


Compression  D6641  (Panel  Two  y-direction) 
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Table  C.4  continued 


Compression  D6641  (Panel  Three  x-direction) 
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Table  C.4  continued 


Compression  D6641  (Panel  Four  x-direction) 
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Table  C.4  continued 


Compression  D6641  (Panel  Five  x-direction) 
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Table  C.4  continued 


Compression  D6641  (Panel  Six  x-direction) 
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Table  C.5:  Compression  D695  Panel  One  through  Panel  Six  (x  and  y  directions) 
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Table  C.5  continued 


Compression  D695  (Panel  Two  y-direction) 

3 

*3 

u* 

os 

Qm 

o 

O 

o 

o 

<o 

00 

Tj- 

© 

o 

00 

<N 

d 

0.656  | 

0.59 

0.092  | 

15.525  | 

£ 

a: 

& 

o 

o 

o 

o 

0.309 

o 

CN 

o 

0.347 

0.325 

6100 

5.935 

s' 

c- 

s 

| 

on 

G 

o 

o 

o 

© 

-472.3 

o 

2 

T 

r- 

d 

o 

t 

't 

r^j 

T 

35.6 

-8.2 

a 

‘3 

L- 

5? 

2 

o 

o 

o 

o 

-1.935 

o 

-1.708 

-1.786 

-1.81 

0.115 

-6.375 

Area  (mraA2)  inital(GPa)  Final(GPa)  TP  Strain0/®  TP  Stress  (MPa) 

o 

o 

o 

o 

-215.5 

o 

-205.8 

-196 

-205.8 

9.8 

-4.8 

o 

o 

o 

o 

-0.779 

o 

r- 

d 

i 

-0.698 

-0.736 

0.041 

*r, 

'f, 

i 

o 

o 

o 

© 

22.2 

o 

21.32 

19.47: 

rs 

1.4 

6.65 

o 

o 

o 

o 

r- 

\o 

(N 

o 

28.14 

28.07 

27.96 

0.25 

0.91 

o 

o 

o 

o 

59.492 

o 

64.787 

65.448 

63.242 

3.265 

5.162 

C 

1 

rn 

T 

*7 

°P 

>* 

'  C 

> 

^N 

-S 

r* 

rr 

PS 

fS 

rs 

N 

<*S 

C3 

'u 

V 

V 

V 

V 

V 

V 

V 

V 

4J 

G 

o 

Q. 

ps 

rs 

IS 

<N 

rs 

<S 

<N 

55 

(J 

on 

< 

< 

< 

< 

< 

< 

Compression  D695  (Panel  Two  x-direction) 

Area  (mmA2)  InitaJ  (GPa)  Final(GPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain0/*  U  Stress  (MPa)  PR  Initial  PR  Final| 

0.637 

0.677  | 

0.67 

0.605 

0.693 

0.654 

0.548  | 

0.681 

0.646  | 

0.048  | 

7.494 

oc 

d 

0.396 

0.378 

0.416 

0.334 

0.347 

0.374 

0.436 

0.377 

0.037 

9.841 

-398.4 

-378.2 

-397.9 

d 

T 

-391.1 

-371.3 

-406 

*T\ 

o 

T 

-397.9 

20.4 

rs- 

-1.656 

-1.88 

-1.592 

-1.973 

-1.576 

-1.552 

-1.672 

-1.683 

-1.698 

0.151 

-8.875 

-219.9 

-177 

-211.6 

-200.5 

-226.2 

-174 

-232.2 

-219.1 

-207.6 

21.9 

-10.6 

-0,808 

-0.724 

-0.719 

CJ 

3 

00 

d 

-0.788 

-0.592 

-0.789 

-0.782 

-0.75 

0.072 

-9.64 

21.06 

17.41 

21.35 

20.37 

20.91 

20.55 

19.68 

20.24 

20.2 

1.24 

6.15 

27.21 

3 

a 

29.42 

25.02 

28.72 

29.39 

29.43 

28,02 

L'LZ 

<N 

7.22 

65.142 

64.483 

64.601 

65.65 

64.612 

65.428 

62.832 

66.093 

64.855 

0.995 

1.534 

s 

e 

a 

CL 

S 

|A2-C2x-1 

M 

i 

W 

rs 

V 

M 

< 

it 

fS 

V 

3 

T 

* 

V 

*0 

W 

PS 

V 

< 

'f 

* 

PS 

V 

5 

A2-C2x-7 

M 

V 

3 

Mean 

St  Dev 

cov% 

229 


Table  C.5  continued 


Compression  D695  (Panel  Three  x-direction) 

Area  (mmA2)  InitaJ  (CPa)  Final(CPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain0/©  U  Stress  (MPa)  PR  Initial  PR  Final| 

190 

|  688  0 

o 

0.586 

0.597  | 

0.635  I 

o 

0.547 

0.644 

0.123  | 

19.174  | 

0.428 

0.445 

o 

0.321 

0.379 

0.383 

o 

0.422 

0.396 

0.045 

11.345 

in 

rn 

-276.7 

o 

-270.8 

-314.5 

-298.1 

o 

-321.2 

-299.4 

■— «  | 
fN 

-7.1 

-2.033 

-1.246 

o 

-1.585 

-1.937 

-1.652 

o 

-1.648 

-1.683 

0.279 

-16.593 

-169.5 

C4 

rn 

m 

i 

o 

-186.7 

-132.7 

-186.7 

o 

-175.5 

-167.4 

21.1 

-12.6 

oc 

© 

( 

-0.628 

o 

-0.842 

-0.69 

-0.807 

o 

-0.779 

3 

r- 

d 

i 

0.087 

-11.424 

12.2 

19.98 

o 

11.32 

14.57 

13.17 

o 

16.76 

14.67 

3.23 

22.01 

20.16 

24.4 

o 

LYZZ 

(N 

d 

23.15 

o 

22.53 

21.94 

1.92 

8.74 

58.842 

57.824 

o 

58.909 

59.252 

58.258 

o 

59.236 

58.72 

0.569 

0.968 

c 

Cj 

a 

Q 

3 

A 

<N 

V 

3 

7 

X 

fN 

V 

5 

*7 

X 

V 

3 

7 

* 

V 

< 

■V 

V 

3 

'f 

n 

v 

3 

T 

ri 

V 

3 

°P 

fS 

V 

3 

Mean 

|  St  Dev 

I  cov% 

Compression  D695  (Panel  Three  y-direetion) 

Area  (mmA2)  Inital  (GPa)  Final(GPa)  TP  Strain0/.  TP  Stress  (MPa)  U  Strain0/.  U  Stress  (MPa)  PR  Initial  PR  Finai| 

0.683 

o 

00 

r- 

OS 

d 

0.756  | 

o 

o 

0.822  | 

|  969  0 

0.787  | 

0.12 

15.282  | 

0.481 

o 

0.436 

0.437 

o 

© 

SVQ 

0.373 

0.435 

0.039 

9906 

-255.2 

o 

-256.6 

-260.2 

o 

o 

in 

f-n 

© 

fN 

i 

-231.7 

-241.4 

24 

Ov 

d 

-1.978 

o 

3 

t 

-1.99 

o 

© 

-1.829 

-1.629 

-1.834 

0.154 

-8.412 

-134.2 

o 

-113.6 

-143 

o 

© 

-113.3 

-145.9 

-130 

15.7 

-12.1 

-0.719 

o 

-0.652 

-0.85 

o 

o 

-0.803 

-0.849 

-0.775 

0.087 

-11.208 

9.62 

o 

13.09 

10.27 

o 

© 

8.79 

- 

10.56 

1.64 

15.5 

18.65 

o 

17.42 

16.83 

© 

© 

14.12 

17.18 

16.84 

1.67 

9.91 

57.905 

o 

58.551 

58.487 

© 

© 

59.919 

59.167 

58.806 

0.766 

1.303 

|  Specimen 

|  A3-C2y-1 

I  A3-C2y-2 

|  A3-C2y-3 

I 

n 

V 

3 

A* 

V 

3 

'f 

IN 

Y 

3 

IN 

V 

3 

n 

V 

< 

Mean 

St  Dev 

I  cov% 

230 


Table  C.5  continued 


Compression  D695  (Pane!  Four  x-direction) 
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Table  C.5  continued 


Compression  D695  (Panel  Five  x-direction) 

Area  (mmA2)  Inital  (GPa)  Final(GPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain0/®  U  Stress  (MPa)  PR  Initial  PR  Final| 

o 

0.521 

90 

0.504  | 

0.505 

0.455 

0.629  | 

0.536  | 

0.065 

Qv 

Os 

CM 

o 

0.33 

0.417 

0.332 

0.344 

0.323 

0.463 

0.368 

0.058 

15.71 

o 

-375 

-387 

-416.3 

cK 

CM 

T 

-334.9 

-375.1 

-385.3 

32.1 

-8.3 

o 

-1.508 

-1.511 

-1.799 

-1.73 

-1.251 

-1.405 

-1.534 

0.203 

-13.243 

o 

-162.2 

-167 

-164.4 

-175.1 

o 

-115.1 

-107.2 

123.2 

-114.9 

o 

-0.594 

-0.592 

-0-644 

-0.642 

0.53 

-0.402 

-0.391 

0.46 

-117.672 

o 

23.28 

23.94 

21.83 

22.83 

26.7 

25.91 

24.08 

1.87 

r-* 

r- 

o 

27.32 

28.21 

25.51 

27.27 

26.53 

28.65 

27.25 

1.14 

4.17 

o 

65.694 

65.293 

66.553 

65.794 

66.13 

67.224 

66.115 

690 

1.043 

a 

V 

E 

•  mi 

a 

a 

1 

* 

CM 

I 

* 

s 

< 

cm 

s 

< 

T 

* 

cm 

U 

< 

•9 

fM 

S 

< 

'f 

Cl 

S 

< 

r- 

i 

* 

CM 

s 

< 

UKdJ4l 

|  St  Dev 

I  cov% 

Compression  D695  (Panel  Five  y-direction) 

Area  (mmA2)  Inital  (GPa)  Final(GPa)  TP  Strain0/®  TP  Stress  (MPa)  U  Strain%  U  Stress  (MPa)  PR  Initial  PR  Final| 

0.582  | 

0.53 

0.576  | 

o 

0.495 

0.536  | 

0.48 

0.445 

CM 

o 

0.05 

9.638  | 

0.328 

0.355 

0.47 

o 

0.381 

0.379 

0.396 

0.355 

0.381 

0.045 

11.835 

-348.3 

-371.7 

-342.7 

o 

-312.5 

-398.2 

-379.6 

-343.2 

-356.6 

28.5 

oc 

i 

-1.383 

-1.546 

-1.201 

o 

-1.044 

-1.426 

-1.558 

-1.473 

-1.376 

0.189 

-13.756 

-157.3 

-162.6 

-184.8 

o 

oc 

rM 

t 

-210.3 

-199.4 

-87.8 

-177.2 

48.3 

-27.2 

-0.579 

-0.626 

-0.729 

o 

-0.789 

-0.716 

-0.805 

-0.361 

-0.658 

0.154 

-23.438 

23.74 

22.71 

33.39 

o 

29.13 

26.49 

23.95 

22.97 

26.05 

3.96 

15.19 

27.18 

25.99 

25.37 

o 

30.21 

29.37 

24.76 

24.3 

26.74 

2.29 

8.56 

66.109 

66.012 

65.763 

o 

66.021 

67.249 

68.241 

68.071 

66.781 

1.054 

1.579 

c 

Oi 

s 

2 

a 

C/3 

1 

ci 

I 

|  A5-C2y-2 

|  A5-C2y-3 

|  A5-C2y-4 

|  A5-C2y-5 

'f 

r- 

k 

s 

< 

|  A5-C2y-8 

Mean 

St  Dev 

|  COV% 
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Table  C,5  continued 


Compression  D695  (Panel  Six  x-direction) 

a 

c 

£ 

as 

0- 

o 

o 

0.449  | 

|  699'0 

0.695  1 

0.731 

o 

0.525 

0.614  | 

0.121 

19.689  | 

+S 

os 

& 

o 

o 

0.367 

0.494 

0.466 

0.506 

o 

0.402 

0.447 

900 

13.482  ; 

Area  (ui0iA2)  Inital  (GPa)  Final(GPa)  TP  Strain  %  TP  Stress  (MPa)  U  Strain%  U  Stress  (MPa) 

o 

o1 

-305.6 

-305.1 

-290.3 

-287.9 

o 

-281.1 

-294 

601 

-3.7 

o 

o 

-1.62 

-1.621 

-1.388 

-1.402 

o 

-1.374 

-1.481 

0.128 

<N 

SO 

oc 

1 

o 

o 

-121.9 

-127.1 

-155.4 

-108.7 

o 

-137.5 

-130.1 

17.5 

-13.4 

o 

o 

-0.58 

-0.587 

<N 

d 

i 

-0.472 

o 

-0.605 

-0.575 

900 

-10.51 

o 

o 

17.66 

17.22 

[7.77 

19.26 

o 

18.69 

18.12 

0.83 

4.59 

o 

o 

21.02 

21.65 

24.71 

23.04 

o 

22.72 

22.63 

1.42 

6.26 

o 

o 

58.572 

59.477 

60.493 

60.144 

o 

59.693 

59.676 

0.732 

1.227 

c 

u 

€ 

1 

a 

1 

X 

N 

1 

X 

N 

s 

*7 

X 
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T 

X 
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7 

X 

3 

< 

*9 

X 

S 

< 

X 

n 
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< 

°P 

X 

N 

y 

SO 

< 

Mean 

St  Dev 

cov% 

Compression  D695  (Panel  Six  y-direction) 

3 

3 

ti, 

OS 

C- 

0.635  | 

0.638  | 

0.573  | 

0.505  | 

0.593  | 

o 

0.668  | 

0.655  | 

sO 

d 

0.057  | 

9.353 

Area  (mm A2)  Inital  (GPa)  Final(GPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain%  U  Stress  (MPa)  PR  Initial 

0.467 

0.456 

0.391 

0.374 

ZZV0 

o 

0.457 

0.471 

0.434 

0.039 

8.899 

-275.9 

-273.5 

-272.1 

-263.8 

-270.8 

o 

-262.1 

-256.4 

-267.8 

r-~ 

ri 

i 

-1.381 

-1.425 

-1.509 

00 

*7 

O' 

SO 

o 

-1.326 

r+\ 

-1.418 

0.065 

T 

rJ 

d 

i 

-146.7 

-119.5 

-117.8 

o 

-104.9 

-124.9 

-120.6 

OC 

d 

t 

-0.486 

-0.713 

-0.567 

-0.556 

-0.559 

o 

-0.484 

-0.577 

-0.563 

0.076 

-13.557 

17.83 

GO 

r- 

16.21 

16.19 

17.22 

o 

18.67 

OC 

d 

17.24 

0.92 

5.32 

23.93 

20.59 

21.06 

21.17 

20.41 

o 

21.68 

21.64 

21.5 

00 

5.47 

60.467 

61.529 

61.855 

60.835 

62.321 

o 

61.788 

61.636 

61.49 

0.634 

1.031 

Specimen 

1 

l 

«' 

< 

rn 

SI 

1 

SI 

t 

X 

< 

l 

r* 

SI 

A6-C2y-7| 

£ 

31 

< 

Mean 

St  Dev 

cov% 
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Table  C.6:  Modified  Compression  D6641  Panel  One  (x  and  y  directions) 


Compression  D6641  -modified-  (Panel  One  x-direction) 

s 

lZ 

X 

Cu 

73 

g 

*E 

OC 

a- 

0.146  | 

CO 

o 

0.129  | 

0.132  | 

N- 

fN 

d 

0.129  | 

o 

0.131 

0.132 

0.007  | 

5.25 

0.153 

0.146 

r n 
un 

d 

rn 

lo 

© 

0.144 

0.164 

o 

0.135 

0.15 

600  0 

6.031 

Area  (mmA2)  Inital  (CPa)  Final(GPa)  TP  Strain%  TP  Stress  (MPa)  U  Strain0/.  U  Stress  (MPa) 

-321.3 

-293.9 

cs 

d 

tn 

m 

r 

d 

■ 

-350.6 

-340.5 

o 

-365.9 

-339.3 

24.4 

04 

d 
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- 

r- 

VO 

fN 

< 

r5 
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oo 

ro 

d 

1 
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3 
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rO 

00 

o 

fN 

t 
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so 
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so 
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29.96 

29.24 

29.08 

29.58 

o 

31.01 

Os 

© 

Os 

04 

1.38 

Tj- 

o~ 

d 

124.33 

121.645 

121.55 

CN 

CN 

O 

d 

fN 

126.203 

123.919 

o 

121.834 

00 

rn 

d 

fN 

r-- 

r- 

r- 

N; 

|  Specimen 

<N 

U 

E 

i 

< 

* 

u 

E 

< 

T 

G 

E 

l 

< 

i r, 

■ 

* 

G 

E 

r 

< 

'f 
* 
i— r 

U 

E 

< 

r- 

i 

* 

U 

E 

< 

*? 

X 

V 

£ 

< 

* 

E 

i 

< 

St  Dev 
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Compression  D6641  -modified-  (Panel  One  y-direction) 
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Tabic  C.7:  Shear  D4255  Panel  One  through  Panel  Six  (x  and  y  Directions) 


Shear  D4255  (Panel  One  x-direction) 

Specimen 

Area  (mmA2)  G12H  fit(GPa)  F6(MPa) 

Al-Slx-1 

749.901 

4.748 

34.36 

Al-Slx-2 

743.973 

4.918 

35.68 

Al-Slx-3 

728.384 

4.939 

35.48 

Al-Slx-4 

735.543 

4.617 

34.13 

Al-Slx-5 

728.338 

5.05 

34.96 

Al-Slx-6 

724.568 

5.074 

35.42 

Al-Slx-7 

746.374 

4.85 

35.28 

Al-Slx-8 

731.699 

4.662 

35.15 

Mean 

736.097 

4.857 

35.06 

St  Dev 

9.49 

0.17 

0.55 

COV% 

1.289 

3.502 

1.57 

Shear  D4255  (Panel  One  y-direction) 

Specimen 

Area  (mmA2)  G12  H  flt{GPa)  F6(MPa) 

Al-Sly-l 

751.384 

4.658 

35.12 

Al-Sly-2 

754.124 

4.586 

36.25 

Al-Sly-3 

748.633 

4.184 

34.68 

Al-Sly-4 

743.632 

4.308 

34.77 

Al-Sly-5 

714.819 

4.628 

37.56 

Al-Sly-6 

756.936 

4.665 

35.94 

Al-Sly-7 

726 

4.898 

37.57 

Al-Sly-8 

745.656 

4.652 

36.03 

Mean 

742.648 

4.572 

35.99 

St  Dev 

14.685 

0.224 

1.13 

COV% 

1.977 

4.907 

3.15 
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Table  C.7  continued 


Shear  D4255  (Panel  Two  x-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  {G Pa)  F6(MPa)  U  Strain  (rad) 

A2-Slx-1 

794.21 

4.247 

32.21 

0.0126 

A2-S1X-2 

772.185 

4.515 

29.18 

0.0094 

A2-S1X-3 

782.416 

4.269 

32.42 

0.0123 

A2-Slx-4 

774.629 

4.571 

32.75 

0.012 

A2-SIX-5 

761.507 

4.278 

33.31 

0.0127 

A2-Slx-6 

790.28 

4.426 

32.16 

0.0124 

A2-Slx-7 

779.736 

4.461 

32.59 

0.0128 

A2-Slx-8 

772.394 

4.744 

32.81 

0.0116 

Mean 

778.42 

4.439 

32.18 

0.012 

St  Dev 

10.578 

0.173 

1.26 

0.001 1 

COV% 

1.359 

3.886 

3.93 

9.3365 

Shear  D4255  (Panel  Two  y-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (G Pa)  F6  (MPa)  U  Strain  (rad) 

A2-Sly-1 

750,332 

4.838 

33.84 

0.012 

A2-Sly-2 

732.855 

4.777 

34.84 

0.0125 

A2-Sly-3 

738.072 

4.808 

34,6 

0.013 

A2-Sly-4 

767.189 

4.866 

33.29 

0.01 17 

A2-Sly-5 

771.119 

4.914 

32.8 

0.0114 

A2-Sly-6 

768.373 

4.151 

32.85 

0.0133 

A2-Sly-7 

770.465 

4.262 

32.8 

0.0129 

A2-Sly-8 

772.23 

4.363 

32.53 

0.0123 

Mean 

758.829 

4.623 

33.44 

0.0124 

St  Dev 

16.057 

0.309 

0.89 

0.0007 

COV% 

2.116 

6,69 

2.65 

5.3836 
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Table  C.7  continued 


Shear  D4255  (Panel  Three  x-direction) 

Specimen 

Area  <mmA2)  G12  H  fit  (GPa)  F6  (MPa)  U  Strain  (rad) 

A3-S1X-1 

0 

0 

0 

0 

A3-Slx-2 

0 

0 

0 

0 

A3-S1X-3 

0 

0 

0 

0 

A3-S1  x-4 

765.395 

7.25! 

32.79 

0.0051 

A3-Slx-5 

767.065 

6.914 

32.81 

0.005 1 

A3-Slx-6 

765.131 

7.54 

32.86 

0.0049 

A3-S 1  x-7 

762.329 

7.385 

32.95 

0.005 

A3-S1X-8 

774.893 

7.218 

32.48 

0.005 

Mean 

766.963 

7.262 

32.78 

0.005 

St  Dev 

4.748 

0.232 

0.18 

0.0001 

CGV% 

0.619 

3.196 

0.54 

1 .4453 

Shear  D4255  (Panel  Three  y-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (GPa)  F6  (MPa)  U  Strain  (rad) 

A3-Sly-1 

744.346 

7.445 

34.08 

0.005 

A3-Sly-2 

75 1 .762 

7.637 

33.42 

0.005 

A3-Sly-3 

757.405 

9.448 

33.39 

0.0039 

A3-Sly-4 

745.363 

7.333 

33.67 

0.005 1 

A3-Sly-5 

756.424 

8.973 

33.21 

0.0047 

A3-Sly-6 

757.541 

7.289 

33.23 

0.005 1 

A3-Sly-7 

742.98 

8.068 

33.91 

0.0049 

A3-Sly-8 

754.404 

9.252 

33.66 

0.0039 

A3-Sly-9 

732.302 

8.196 

34.27 

0.0049 

A3-Sly-10 

741.009 

8.103 

33.93 

0.0049 

A3-Sly-1 1 

733.089 

8.295 

34.33 

0.0049 

Mean 

746.966 

8.185 

33.74 

0.0047 

,  St  Dev  t 

9.257 

0.759 

0.4 

0.0005 

cov% 

1.239 

9.273 

1.18 

9.5071 
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Table  C.7  continued 


Shear  D4255  (Panel  Four  x-direction) 

Specimen 

Area  (mmA2)  G12H fit(GPa)  F6(MPa)  U  Strain  (rad) 

A4-Slx-1 

754.433 

5.705 

22.47 

0.0056 

A4-Slx-2 

735.207 

5.876 

23.16 

0.0057 

A4-S1X-3 

752.47 

5.68 

22.4 

0.0056 

A4-Slx-4 

752.567 

5.457 

18.18 

0.0042 

A4-SU-5 

0 

0 

0 

0 

A4-Slx-6 

744.01 

5.198 

18.29 

0.0046 

A4-S1X-7 

777.106 

4.792 

17.42 

0.0046 

A4-Slx-8 

762.946 

4.936 

16.91 

0.004 

Mean 

754.106 

5.378 

19.83 

0,0049 

St  Dev 

13.363 

0.413 

2.71 

0.0007 

cov% 

1.772 

7.677 

13.66 

14.5617 

Shear  D4255  (Panel  Four  y-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (GPa)  F6(MPa)  U  Strain  (rad) 

A4-Sly-1 

752.303 

4.645 

18.19 

0.005 

A4-Sly-2 

758.909 

4.903 

17.93 

0.0047 

A4-Sly-3 

728.263 

5.28 

18.52 

0.0043 

A4-Sly-4 

756.608 

5.395 

18.37 

0.0044 

A4-Sly-5 

772.141 

4.985 

17.72 

0.0045 

A4-Sly-6 

730.322 

5.183 

18.43 

0.0045 

A4-Sly-7 

728.31 

5.485 

18.65 

0.0043 

A4-Sly-8 

750.455 

5.139 

17.97 

0.0044 

Mean 

747.164 

5.127 

18.22 

0.0045 

St  Dev 

16.408 

0.275 

0.33 

0.0002 

COV% 

2.196 

5.366 

1.79 

4.9699 
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Table  C.7  continued 


Shear  D4255  (Panel  Five  x-dircction) 

Specimen 

Area(mmA2)  G12  H fit  (GPa)  F6(MPa)  U  Strain  (rad) 

A5-S1x-1 

780.577 

5.19 

17.28 

0.0043 

A5-Slx-2 

788.463 

5.311 

17.01 

0.0042 

A5-Slx-3 

0 

0 

0 

0 

A5-Slx-4 

760.27 1 

5.237 

18.41 

0.0045 

AS-Slx-5 

773.098 

4.719 

17.45 

0.0045 

A5-Slx-6 

767.023 

4.867 

17.46 

0.0042 

A5-Slx-7 

754.459 

5.247 

17.65 

0.0043 

A5-S1x-8 

724.622 

5.3 

18.75 

0.0047 

Mean 

764.073 

5.124 

17.72 

0.0044 

St  Dev 

20.899 

0.234 

0.63 

0.0002 

COV% 

2.735 

4.568 

3.56 

4,7721 

Shear  D4255  (Panel  Five  y-direction) 

Specimen 

Area(mmA2)  GI2  H  fit  (GPa)  F6(MPa)  U  Strain  (rad) 

A5-Sly-l 

749.238 

5.032 

18 

0.0045 

A5-Sly-2 

739.657 

5.093 

18.04 

0.0044 

A5-Sly-3 

748.871 

5.139 

17.88 

0.0043 

A5-Sly-4 

751.721 

4.959 

17.91 

0.0045 

A5-Sly-5 

768.273 

4.925 

17.59 

0.0043 

AS-SIy-6 

752.618 

5.061 

18.05 

0.0047 

A5-Sly-7 

762.316 

5.047 

17.82 

0.0046 

Mean 

753.242 

5.037 

17.9 

0.0044 

St  Dev 

9.404 

0.074 

0.16 

0.0002 

COV% 

1.249 

1.471 

0.9 

3.7966 

239 


Table  C.7  continued 


Shear  D4255  (Panel  Six  x-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (GPa)  F6(MPa)  U  Strain  (rad) 

A6-Slx-1 

774.918 

9.14 

39.85 

0.0047 

A6-Slx-2 

766.173 

7.342 

39.38 

0.0059 

A6-Slx-3 

770.574 

8.167 

38.01 

0.0053 

A6-Slx-4 

754.589 

9.471 

39.34 

0.0045 

A6-Slx-5 

763.258 

8.737 

33.74 

0.0043 

A6-S1X-6 

767.091 

7.751 

46.52 

0.0068 

A6-Slx-7 

774.956 

7.693 

45.82 

0.0067 

Mean 

767.366 

8.329 

40.38 

0.0055 

St  Dev 

7.148 

0.803 

4.46 

0.001 

COV% 

0.931 

9.638 

11.04 

19.1751 

Shear  D4255  (Panel  Six  y-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (GPa)  F6  (MPa)  U  Strain  (rad) 

A6-Sly-1 

761.486 

7.299 

46.44 

0.0071 

A6-Sly-2 

751.65 

8.415 

46,5 

0.0064 

A6-Sly-3 

759.44 

8.776 

45.76 

0.0062 

A6-Sly-4 

762.341 

7.51 

45.97 

0,0069 

A6-Sly-5 

759.427 

8.583 

47.11 

0.006 

A6-Sly-6 

746.63 

8.747 

47.56 

0.006 

A6-Sly-7 

761.237 

9.239 

46.04 

0.0055 

A6-Sly-8 

753.883 

8.04 

47.36 

0.0062 

Mean 

757.012 

8.326 

46.59 

0.0063 

St  Dev 

5.661 

0.664 

0.68 

0,0005 

COV% 

0.748 

7.98 

1.45 

8.3728 
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Table  C.8:  Shear  D5379  Panel  One  through  Panel  Six  (x  and  y  Directions) 


Shear  D5379  (Panel  One  x-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (G Pa)  F6  (MPa) 

Al-S2x-1 

51.415 

2.199 

58.43 

Al-S2x-2 

52.062 

3.85 

64.99 

A1-S2X-3 

52.048 

1.912 

59.56 

Al-S2x-4 

51.624 

2.093 

59.02 

A1-S2X-5 

55.012 

2.699 

60.41 

Al-S2x-6 

53.393 

4.259 

67.45 

Al-S2x-7 

53.593 

3.017 

56.84 

Al-S2x-8 

53.527 

2.691 

56.81 

Mean 

52.834 

2.84 

60.44 

St  Dev 

1.242 

0.84 

3.83 

COV% 

2.351 

29.567 

6.34 

Shear  D5379  (Panel  One  y-direction) 

Specimen 

Area  (mmA2)  G12  H fit  (GPa)  F6(MPa) 

Al-S2y-1 

52.208 

2.682 

60.8 

Al-S2y-2 

53.518 

3.149 

59.67 

Al-S2y-3 

52.358 

2.564 

58.93 

Al-S2y-4 

53.422 

2.843 

60.08 

Al-S2y-5 

51.24 

3.093 

59.47 

Al-S2y-6 

52.543 

2.965 

61.68 

Al-S2y-7 

52.376 

2.925 

61.87 

Al-S2y-8 

52.617 

2.663 

62.44 

Mean 

52.535 

2.861 

60.62 

St  Dev 

0.717 

0.211 

1,28 

COV% 

1.365 

7.375 

2.11 
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Table  C.8  continued 


Shear  D5379  (Panel  Two  x-direction) 

Specimen 

Area (mmA2)  G12H fit(GPa)  F6(MPa) 

A2-S2X-1 

0 

0 

0 

A2-S2x-2 

58.375 

2.359 

59.72 

A2-S2x-3 

57.429 

2.21 

64.29 

A2-S2x-4 

56.799 

2.518 

62.15 

A2-S2X-5 

57.057 

2.399 

61.91 

A2-S2x-6 

56.567 

2.529 

61.14 

A2-S2X-7 

57.002 

2.188 

60.57 

A2-S2x-8 

57.067 

2.02 

60.31 

Mean 

57.185 

2.317 

61.44 

St  Dev 

0.587 

0.187 

1.52 

COV% 

1.027 

8.075 

2.48 

Shear  D5379  (Panel  Two  y-direction) 

Specimen 

Area(mmA2)  G12  H fit  (GPa)  F6(MPa) 

A2-S2y-1 

57.595 

2.16 

60.53 

A2-S2y-2 

58.05 

1.965 

59.86 

A2-S2y-3 

0 

0 

0 

A2-S2y-4 

0 

0 

0 

A2-S2y-5 

57.015 

2.164 

65.52 

A2-S2y-6 

56.851 

2.419 

66.48 

A2-S2y-7 

57.76 

2.331 

64.57 

A2-S2y-8 

58.304 

2.301 

63.55 

Mean 

57.596 

2.223 

63.42 

St  Dev 

0.57 

0.161 

2.69 

COV% 

0.99 

7.253 

4.24 
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Tabic  C.8  continued 


Shear  D5379  (Panel  Three  x-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (GPa)  F6(MPa> 

A3-S2X-1 

52.298 

15.57 

122.25 

A3-S2x-2 

52.444 

12.254 

128.79 

A3-S2x-3 

51.439 

12.427 

133.29 

A3-S2x-4 

51.433 

12.813 

124.2 

A3-S2X-5 

50.497 

17.175 

126.47 

A3-S2x-6 

50.659 

14.47 

114.72 

A3-S2X-7 

51.579 

12.54 

135.68 

A3-S2x-8 

51.109 

14.032 

122.25 

Mean 

51.432 

13.91 

125.96 

St  Dev 

0.694 

1.763 

6.69 

cov% 

1.349 

12.677 

5.31 

Shear  D5379  (Panel  Three  y-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (GPa)  F6(MPa) 

A3-S2y-1 

52.9 

14.751 

111.87 

A3-S2y-2 

52.147 

13.741 

1 3  1 .49 

A3-S2y-3 

52.312 

16.081 

130.2 

A3-S2y-4 

52.517 

15.034 

123.24 

A3-S2y-5 

52.25 

16.253 

1 17.37 

A3-S2y-6 

52.32 

12.336 

128.5 

A3-S2y-7 

52.723 

11.918 

129.84 

A3-S2y-8 

52.329 

11.628 

132.39 

Mean 

52.437 

13.968 

125.61 

St  Dev 

0.257 

1.845 

7,46 

COV% 

0.49 

13.208 

5.94 
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Table  C.8  continued 


Shear  D5379  (Panel  Four  x -direction) 

Specimen 

Area  (mmA2)  GX2H  fit(GPa)  F6  (MPa) 

A4-S2x-1 

58.019 

0.325 

5.98 

A4-S2x-2 

58.354 

0.42 

5.87 

A4-S2X-3 

59.806 

0.561 

5.92 

A4-S2x-4 

58.886 

0.379 

6.12 

A4-S2X-5 

58.828 

0.447 

5.75 

A4-S2x-6 

57.469 

0.34 

6.04 

A4-S2x-7 

58.69 

0.304 

6.01 

A4-S2X-8 

58.47 

0.303 

5.73 

Mean 

58.565 

0.385 

5.92 

St  Dev 

0.685 

0.089 

0.14 

COV% 

1.169 

22.996 

2.34 

Shear  D5379  (Panel  Four  y-direction) 

Specimen 

Area  (mmA2)  G12H  fit(GPa)  F6(MPa) 

A4-S2y-1 

56.651 

0.333 

5.92 

A4-S2y-2 

57.017 

0.343 

5.62 

A4-S2y-3 

56.345 

0.367 

5.88 

A4-S2y-4 

56.079 

0.343 

5.9 

A4-S2y-5 

55.691 

0.339 

5.78 

A4-S2y-6 

56.867 

0.336 

5.6 

A4-S2y-7 

55.683 

0.299 

5.86 

A4-S2v-8 

56.469 

0.302 

5.53 

Mean 

56.35 

0.333 

5.76 

St  Dev 

0.503 

0.022 

0.16 

COV% 

0.892 

6.733 

2.72 
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Table  C.8  continued 


Shear  D5379  (Panel  Five  \-direction) 

Specimen 

Area  (mmA2)  G12  H  fit  (G Pa)  F6  (MPa) 

A5-S2X-1 

60.391 

0.249 

5.88 

A5-S2x-2 

59.532 

0.27 

5.83 

A5-S2X-3 

57.945 

0.379 

6.18 

A5-S2x-4 

58.733 

0.343 

6.02 

A5-S2x-5 

58.278 

0.313 

6.42 

A5-S2x-6 

57.619 

0.369 

6.27 

A5-S2X-7 

58.376 

0.352 

6.01 

A5-S2x-8 

57.936 

0.354 

6.38 

Mean 

58.601 

0.329 

6.12 

St  Dev 

0,932 

0.047 

0.22 

COV% 

1.59 

14.331 

3.64 

Shear  D5379  (Panel  Five  y-direction) 

Specimen 

Area  (mmA2)  G12  H  fit(GPa)  F6  (MPa) 

A5-S2y-1 

56.543 

0.453 

5.49 

A5-S2y-2 

57.247 

0.427 

5.56 

A5-S2y-3 

55.785 

0.508 

5.98 

A5-S2y-4 

56.428 

0.388 

5.68 

A5-S2y-5 

56.513 

0.498 

5.71 

A5-S2y-6 

55.812 

0.414 

5.71 

A5-S2y-7 

55.756 

0.435 

5.3 

A5-S2y-8 

54.944 

0.41 

5.61 

Mean 

56.128 

0.442 

5.63 

St  Dev 

0.699 

0.042 

0.2 

COV% 

1.245 

9.589 

3.49 

245 


Table  C.8  continued 


Shear  D5379  (Panel  Six  x-direction) 

Specimen 

Area  (mmA2)  G12  H fit  (GPa)  F6  (MPa) 

A6-S2x-l 

53.929 

0.87 

123) 

A6-S2x-2 

54.6 

1.048 

13.4 

A6-S2X-3 

55.357 

0.856 

15.09 

A6-S2x-4 

54.681 

0.7 

19.2 

A6-S2x-S 

54.973 

0.937 

13.01 

A6-S2x-6 

55.014 

0.939 

12.25 

A6-S2X-7 

54.116 

0.812 

13.35 

A6-S2x-8 

54.281 

0.85 

12.34 

Mean 

54.619 

0.877 

13.94 

St  Dev 

6.489 

0.103 

2.3 

COV% 

0.895 

11.708 

16.49 

Shear  D5379  (Panel  Six  y-direction) 

Specimen 

Area  (mmA2)  G12  H fit  (GPa)  F6(MPa) 

A6-S2y-1 

55.094 

1.017 

13.01 

A6-S2y-2 

54.586 

1.202 

13.51 

A6-S2y-3 

55.013 

1.289 

12.49 

A6-S2y-4 

54.524 

1.148 

12.82 

A6-S2y-5 

54.726 

0.87 

13.72 

A6-S2y-6 

54.402 

0.808 

13.95 

A6-S2y-7 

54.172 

0.996 

1 1.83 

A6-S2y-8 

54.285 

0.742 

13.75 

Mean 

54.6 

1 .009 

13.13 

St  Dev 

0.329 

0.195 

0.73 

COV% 

0.603 

19.321 

5.57 
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